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Summary 



String Theory is at present the most promising candidate for a consistent 
theory of quantum gravity which is also able to unify all the interactions and 
matter. However string compactifications are plagued by the presence of moduli, 
which are massless particles that would mediate unobserved long-range forces. It 
is therefore crucial to generate a potential for those particles, given that also the 
gauge and Yukawa couplings of the low energy effective theory are determined 
by the vacuum expectation values of the moduli. 

The introductory chapter is a review of type IIB Calabi-Yau flux compact- 
ifications where both the axio-dilaton and the complex structure moduli are sta- 
bilised by turning on background fluxes. However in order to fix the Kahler mod- 
uli one needs to consider perturbative and non-perturbative corrections beyond 
the leading order approximations. After presenting a survey of all the existing 
solutions to this problem, I focus on the LARGE Volume Scenario since it re- 
quires no fine-tuning of the fluxes and provides a natural solution of the hierarchy 
problem. I then derive the topological conditions on an arbitrary Calabi-Yau to 
obtain such a construction. This result is illustrated with explicit computations 
for various compactification manifolds, showing that, in the absence of string loop 
corrections, the potential always exhibits the presence of flat directions. Hence I 
perform a systematic study of the behaviour of g s corrections for general type IIB 
compactifications, and show how they play a crucial role to achieve full Kahler 
moduli stabilisation in the LARGE Volume Scenario. 

In the next part of the thesis, I examine the possible cosmological impli- 
cation of these scenarios. After calculating the moduli mass spectrum and cou- 
plings, I notice how, in the case of K3-fibrations, string loop corrections give rise 
naturally to an inflationary model which yields observable gravity waves. The 
prediction for the tensor-to-scalar ratio r ~ 5 ■ 1CT 3 is within reach of future 
cosmological observations. A further chapter studies the finite-temperature be- 
haviour of the LARGE Volume Scenario. I compute the maximal temperature 
T max above which the internal space decompactifies, as well as the temperature T* 
that is reached after the decay of the heaviest moduli. The requirement T* < T max 
rules out a significant region of parameter space, favouring values of the volume 
which lead to TeV-scale supersymmetry instead of standard gauge coupling uni- 
fication. I then show that unwanted relics cannot be diluted by the decay of the 
small moduli, nor by a low-energy period of thermal inflation in the closed string 
moduli sector. 

I finally conclude outlining the prospects for future work. 
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Chapter 1 

String Theory and the Real 
World 



Scalar masses play a crucial role in fundamental physics since, due to their high 
sensitivity to ultra-violet physics, they give us invaluable insights into the struc- 
ture of the underlying theory describing Nature at higher energies. As we shall 
see later on, the main two examples of such scalar particles are the Higgs boson 
and the inflaton. They represent exceptions to the usual decoupling of energy 
scales which allows us to understand the laws at the basis of our Universe. In 
fact, the history of Science has shown that it is possible to do physics since each 
energy scale can be understood on its own terms without having to unveil all 
the mysteries of our Universe at once. The reason is that the properties of a 
particular scale do not have a strong dependence on the details of the physics of 
the other scales. 

The most famous example is the decoupling of quantum effects at large 
distances with the consequent possibility to have a picture of our world based 
on pure classical physics. Moreover, within quantum theories, it is not necessary 
to master all the details of nuclear physics in order to be able to understand 
the spectra and the chemistry of atoms. In turn, the properties of nuclei can be 
described without any need to explore the deep structure of quantum chromo- 
dynamics, which is the theory describing the behaviour of their constituents, 
quarks and gluons. 

The concept of decoupling of scales in physics is closely tied up with the 
notion of naturalness, according to which, the necessity of excessive fine-tuning of 
a particular parameter in order to match the experimental data, is a clear sign of 
new physics. This is the reason why the study of scalar masses is important. In 
fact, their ultra-violet sensitivity together with the requirement of avoiding fine- 
tuning, can guide us in the search of new physics beyond our present knowledge. 

The current view of our Universe is based on two theories with strong 
experimental evidence: 
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CHAPTER 1. STRING THEORY AND THE REAL WORLD 



• Standard Model of particle physics, 

• Standard Cosmological Model. 

Let us now briefly review the main features and shortcomings of each theory. 



1.1 Beyond standard particle physics 
1.1.1 The Standard Model 

The Standard Model of particle physics is a four dimensional relativistic quan- 
tum field theory based on the gauge symmetry SU(3) C x SU(2)l x U{l)y. The 
theory is well defined at the quantum mechanical level since it is unitary and 
renormalisable. Strong interactions emerge from requiring local invariance of the 
Lagrangian under the SU(3) C symmetry, whereas the electro-weak forces are re- 
lated to the SU(2)l x U{l)y group. All the elementary particles are assumed to 
be point-like according to present experimental evidence up to energies of about 
1 TeV. The fundamental constituents of matter are three families of quarks and 
leptons described in terms of left-handed Weyl fermions which transform under 
the Standard Model group as follows: 





SU(3) C 


SU(2) L 


U(l)y 


Ql 


3 


2 


1/6 


U 


3 


1 


1/3 


D 


3 


1 


-2/3 


L 


1 


2 


-1/2 


E 


1 


1 


1 



Table 1: Matter representations of the Standard Model gauge group. 

Moreover a crucial property of these fermions is their chirality (parity- 
violation), given that the SU(2) L interactions act only on left-handed particles. 

In order to break the electro-weak symmetry SU(2) L x U(l)y down to 
the electromagnetic U(l), the model contains a Higgs sector, given by a complex 
scalar <fi with quantum numbers (1, 2, -1/2). Its vacuum expectation value (VEV) 
((p) is determined by a potential of the form: 

V(<f>) = -m 2 0> + A(0» 2 , (1.1) 
and fixes the scale of spontaneous electro-weak symmetry breaking: 
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This is the so-called Higgs mechanism through which the weak bosons Z and W ± 
acquire a mass while leaving the photon massless. Given that chirality forbids 
writing a Dirac mass term for matter fermions, they get a mass via their coupling 
to the Higgs multiplet through Yukawa-like interactions of the form QjJJ </>, QlD4> 
and LE<p. Hence the scale of fermion masses is related to the scale of electro- weak 
symmetry breaking. 

All the presently known high energy phenomena are described with a re- 
markable success by the Standard Model of elementary particles and fundamental 
interactions [5], although there are a number of theoretical and phenomenological 
issues that the Standard Model fails to address adequately: 

• Hierarchy problem. It consists of two issues: 

1. Technical hierarchy problem. It is associated with the absence of a 
symmetry protecting the Higgs mass from getting large loop correc- 
tions. Then power counting would suggest that the natural value of 
quantum corrections to the Higgs mass term is of the order Mj,0 2 , 
which would then push the electro-weak scale up to the natural cut- 
off at the Planck scale. 

2. Gauge hierarchy problem. It is associated with explaining the origin of 
the electro-weak scale, while a more fundamental embedding theory is 
typically defined at the Planck scale, which is 10 15 times larger than 
the electro-weak scale. 

• Electro-weak symmetry breaking. In the Standard Model, the Higgs sector 
is not constrained by any symmetry principles, and it must be put into the 
theory by hand. Hence this issue needs an explanation. 

• Gauge coupling unification. The gauge couplings undergo renormalisation 
group evolution in such a way that they tend to meet at a point at a 
high scale. However, precise measurements of the low energy values of the 
gauge couplings demonstrated that the Standard Model cannot describe 
gauge coupling unification accurately enough to imply it is more than an 
accident. 

• Family structure and fermion masses. The Standard Model does not ex- 
plain the existence of three families and can only parameterise the strongly 
hierarchical values of the fermion masses. Moreover, the Standard Model 
does not contain massive neutrinos. 

• Why questions. In the Standard Model there is no explanation for the 
number of dimensions which is assumed to be four. In addition, the gauge 
group SU(3) C x SU(2) L x U(l)y is put in by hand. 
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• Gravity. The Standard Model does not contain gravity. It still produces 
theoretical predictions in excellent agreement with experimental results, 
given that gravitational effects are negligible at the low scales where particle 
physics experiments are performed. 

Gravitational interactions are described by the classical theory of General 
Relativity in perfect agreement with experiments [5J. Interactions are en- 
coded in the space-time metric via the principle of diffeomorphism (or 
coordinate reparameterisation) invariance of the physics. This leads to the 
famous Einstein-Hilbert action of the form: 



Since the interaction contains an explicit dimensionful coupling, it is diffi- 
cult to make sense of the theory at the quantum level. The theory presents 
loss of unitarity at loop level and is non-renormalisable. Hence it cannot 
be quantised in the usual fashion and is not well defined in the ultra-violet. 

The modern viewpoint is that Einstein theory should be regarded as an ef- 
fective field theory, which is a good approximation at energies below Mp (or 
some other cutoff scale at which four dimensional classical Einstein theory 
ceases to be valid). There should be an underlying, quantum mechanically 
well defined, theory which exists for all ranges of energy, and reduces to 
General Relativity at low energies, below the cutoff scale. Such a theory 
would be called an ultra-violet completion of Einstein gravity. 

• Cosmological challenges. In the Standard Model there is no viable mecha- 
nism to explain the baryon asymmetry of the Universe. In addition, there 
is no candidate particle for cold dark matter and for the inflaton. Finally, 
probably the most difficult problem the Standard Model has when trying to 
connect with the gravitational sector, is the absence of the expected scale 
of the cosmological constant. 

Therefore, the Standard Model must be extended and its foundations strength- 
ened. Let us therefore review some proposals for physics beyond the Standard 
Model [7]. 

1.1.2 Super symmetry 

Theories with low energy supersymmetry have emerged as the strongest can- 
didate for new physics beyond the Standard Model at the TeV scale [S]. In 
super symmetric models, each particle has a superpartner which differs in spin by 
1/2 and is related to the original particle by a supersymmetry transformation 
which requires them to have equal mass. 




(1.3) 
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Supersymmetry commutes with gauge symmetry. So in trying to build a 
minimal extension of the Standard Model with low energy supersymmetry, known 
as the Minimal Supersymmetric Standard Model (MSSM), the simplest possibil- 
ity is to add superpartners for all observed particles: fermionic superpartners 
(gauginos) for gauge bosons to promote them to vector multiplets; bosonic su- 
perpartners (squarks and sleptons) for quarks and leptons to promote them to 
chiral multiplets; and fermionic superpartners (Higgsinos) for the Higgs scalars 
(due to anomaly cancellation a second Higgs chiral multiplet must be added). 
Interactions are dictated by gauge symmetry and supersymmetry. The main 
successes of the MSSM are: 

• Hierarchy problem. 

1. Technical hierarchy problem. It is solved by the fact that since su- 
persymmetry relates the scalar and the fermionic sectors, the chi- 
ral symmetries which protect the masses of the fermions also pro- 
tect the masses of the scalars from quadratic divergences. More pre- 
cisely, the mass of a chiral fermion is forced to be zero by chirality, so 
the mass of a scalar like the Higgs is protected against getting large 
O(Mp) corrections. Diagrammatically, any corrections to the Higgs 
mass due to fermions in the theory are cancelled against corrections 
to the Higgs mass due to their bosonic superpartners. There is a non- 
renormalisation theorem of certain couplings in the Lagrangian which 
guarantees this to any order in perturbation theory. 

2. Gauge hierarchy problem. It is mitigated by breaking the electro-weak 
symmetry radiatively through logarithmic running, which explains the 
large number ~ 10 15 . 

• Radiative electro-weak symmetry breaking. The 'Mexican hat' potential 
with a minimum away from = is derived rather than assumed by starting 
with plausible boundary conditions at a high scale and then running them 
down to the electro-weak scale, where the m 2 parameter runs to negative 
values, driven by the large top quark Yukawa coupling. 

• Gauge coupling unification. The extrapolation of the low energy values of 
the gauge couplings using renormalisation group equations and the MSSM 
particle content shows that the gauge couplings unify at the scale M GUT ~ 
10 16 GeV. 

• Cold dark matter. In supersymmetric theories, the lightest superpartner 
can be stable, so providing a nice cold dark matter candidate. 

However, unbroken supersymmetry implies a mass degeneracy between super- 
partners, a possibility which is clearly forbidden by experiment. Hence exact 
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super symmetry is not viable, but we can keep all its desirable good properties, if 
it is broken softly. From a phenomenological perspective, a general set of soft su- 
persymmetry breaking terms are introduced explicitly in the effective Lagrangian 
at the electro- weak scale [5] . These terms render the superpartners more massive 
than Standard Model fields. The cancellation of loop contributions to the Higgs 
is not exact anymore, but it is only logarithmically, and not quadratically, de- 
pendent on Mp. In order to retain 10 2 GeV as a natural scale, the superpartner 
mass scale should be around 1 TeV or so. 

Together these successes and considerations provide powerful indirect evi- 
dence that TeV scale supersymmetry is indeed part of the correct description of 
Nature. Thus, it is likely that direct evidence of the existence of superpartners 
should be discovered at the forthcoming Large Hadron Collider (LHC) at CERN, 
which will soon start operation with a centre of mass energy of 14 TeV. 

Nevertheless, the soft Lagrangian C^f M introduces about 105 new free 
parameters, so making the theory lose all its predictive power. For phenomeno- 
logical analyses, they are reduced to usually less than five, assuming that Cf^ t SM 
takes on a simplified form at a given high scale. These parameters must be then 
considered as boundary conditions at the 'input scale' for the renormalisation 
group evolution that runs them down to the electro- weak scale. In this way, we 
are able to predict all the phenomenologically interesting features of the MSSM, 
as the mass spectrum, mixing angle, cross-sections and decay rates, as functions 
only of a few free parameters. 

This picture is justified by the fact that we would like to understand the 
explicit soft supersymmetry breaking, encoded in the C^ff M parameters, as the 
result of spontaneous supersymmetry breaking in a more fundamental theory, 
which should provide also a dynamical explanation of such a mechanism. It 
turns out that the only phenomenologically viable way to break supersymmetry 
is in the context of the so-called hidden sector models. In this framework, one 
assumes that the theory is divided into two sectors with no direct renormalisable 
couplings between them: 

• The observable or visible sector, which contains the MSSM fields. 

• The hidden sector, where spontaneous supersymmetry breaking takes place 
triggered by a dynamical mechanism (such as gaugino condensation, for 
example). 

Within this framework, supersymmetry breaking is communicated from the hid- 
den to the observable sector via interactions involving a third set of messenger 
fields. The result is the effective soft supersymmetry breaking Lagrangian £foj t SM 
in the visible sector. The main known supersymmetry breaking mediation sce- 
narios are: 
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1. Gravity Mediated Supersymmetry Breaking: the soft parameters arise due to 
Planck-suppressed non-renormalisable couplings which vanish as Mp — ► oo 

M; 

2. Gauge Mediated Supersymmetry Breaking: the soft parameters arise from 
loop diagrams involving new messengers fields with Standard Model quan- 
tum numbers 

3. Anomaly Mediated Supersymmetry Breaking: the supersymmetry breaking 
is mediated by the supergravity auxiliary field which couples to the visible 
sector fields at loop level due to the super-conformal Weyl anomaly P2j . 

As we have seen, supersymmetry has several appealing features, but still it does 
not answer any of the fundamental 'why questions' at the basis of the structure of 
the Standard Model. Furthermore, even though supersymmetry is responsible for 
gauge couplings unification, the MSSM does not treat the three non-gravitational 
interactions in a unified manner, and, on top of that, it keeps not containing 
gravity 

1.1.3 Grand Unified Theories 

As we have already mentioned, the Standard Model gauge couplings run with 
scale towards a roughly unified value at a scale around 10 16 GeV. This unification 
becomes very precise in the MSSM by the inclusion of supersymmetric partners. 
Hence we have a clear suggestion that the different low-energy interactions may 
be unified at high energies. 

Therefore a lot of attention has been put on Grand Unified Theories (GUT) 
including the Standard Model group as low-energy remnant of a larger gauge 
group [13]. This group, Ggut, is usually taken to be SU(5), SO (10), or E e , and 
so unifies all low-energy gauge interactions into a unique kind. The GUT group is 
broken spontaneously by a Higgs mechanism at a high scale Mqut ~ 10 16 GeV. 
This idea leads to a partial explanation of the fermion family gauge quantum 
numbers, since the different fermions are also unified into a smaller number of 
representations of Gqut- For example, a Standard Model family fits into a 10 + 5 
representation of SU(5), or within an irreducible 16 representation of SO (10). 

A disadvantage is that the breaking Gqut — > SU(3) C x SU(2)l x U(1)y 
requires a complicated Higgs sector. In minimal SU(5) theories, the GUT-Higgs 
belongs to a 24-dimensional representation, and SO (10) is even more involved. 

An additional interesting feature of GUT theories is that extra gauge in- 
teractions in Ggut mediate baryon number violating processes of proton decay, 
which are suppressed by inverse powers of Mqut- The rough proton lifetime 
in these models is around 10 32 years, which is close to the experimental lower 
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bounds. In fact, some models like minimal SU(5) are already experimentally 
ruled out because they predict a too fast proton decay. 

Besides these nice features, it is fair to say that grand unified theories do 
not address the fundamental problem of gravity at the quantum level, or the 
relation between gravity and the other interactions. 



1.1.4 Supergravity 

The first attempt to construct a theory that incorporates both gravity and all 
the non-gravitational interactions within the same description, was supergravity 
|14j . Supersymmetry is a global space-time symmetry and, in complete analogy 
with gauge theories, one can try to make it local. This, in turn, implies that the 
four-momentum operator, which generates global space-time translations, is also 
promoted to a gauge generator. Given that local translations are equivalent to 
coordinate reparameterisations, the resulting theory contains General Relativity. 

A very important feature of supergravity theories is the presence of a new 
supermultiplet, called the gravity multiplet, including a spin-2 graviton and 
its spin-3/2 superpartner ip£, the gravitino, which is the gauge field of local su- 
persymmetry. The supergravity Lagrangian is basically obtained from the global 
super symmetric one by adding the Einstein term for the graviton, a kinetic term 
for the gravitino, and coupling the graviton to the stress-energy tensor and the 
gravitino to the supercurrent of the supersymmetric theory. 

Supergravity can have interesting applications to phenomenology, in partic- 
ular, for the realisation of the gravity mediated supersymmetry breaking scenario. 
In fact, spontaneous breaking of local supersymmetry becomes, in the limit of en- 
ergies much below Mp, explicit breaking of global supersymmetry by soft terms. 
Typically, local supersymmetry is broken in the hidden sector, which is decou- 
pled from the MSSM except by gravitational interactions, at a scale of the order 
Madden ~ 10 11 GeV. Then transmission of supersymmetry breaking to the visible 
sector is manifest at a lower scale, Ml idden /Mp, of around 1 TeV, which is the 
right superpartner mass scale. 

We point out that, as we have already mentioned in the section dedicated to 
supersymmetry, there is another mechanism of supersymmetry breaking, called 
anomaly mediation, which is also formulated within the supergravity framework. 

Supergravity is a nice and inspiring idea, which attempts to incorporate 
gravity. However, it does not provide an ultra-violet completion of Einstein grav- 
ity, since it is neither finite nor renormalisable. 
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1.1.5 Extra Dimensions 

Many scenarios beyond the Standard Model propose a space-time with more than 
four dimensions, the additional ones being unobservable because they are compact 
and of very small size. We briefly mention two ideas, which differ by whether 
ordinary Standard Model matter is able to propagate in the new dimensions or 
not. 

Kaluza-Klein theories 

Kaluza and Klein independently [151 US] proposed the beautiful idea of unifying 
gravity and gauge interactions thanks to the presence of tiny compactified extra 
dimensions. In fact, they noticed that a purely gravitational theory in an arbi- 
trary (4 + Z))-dimensional space-time, upon compactification to four dimensions, 
gives rise to the four-dimensional metric tensor plus gauge bosons associated to 
a gauge group, which is the isometry group of the compactification manifold. 

In the simplest five-dimensional example with just one extra dimension, the 
space-time takes the form M 3 ' 1 x S l , and is endowed with a five- dimensional metric 
gMN-, M,N = 0, ...,4. From the viewpoint of the low-energy four- dimensional 
theory (at energies much lower than the compactification scale M^k — 1/R, 
with R the radius of the circle), the five-dimensional metric decomposes as (/i, 



We then see that, in the resulting four-dimensional theory, we obtain the metric 
tensor, a massless vector boson and a massless scalar. Moreover, the diffeomor- 
phism invariance in the fifth dimension implies the four-dimensional U(l) gauge 
invariance associated with the vector boson g^. 

Despite its beauty, the Kaluza-Klein idea is very difficult to use for phe- 
nomenology since it is not easy to construct manifolds with the isometry group 
of the Standard Model. Moreover, it is generically difficult to obtain four- 
dimensional chiral fermions in this setup [T7]. On top of that, although the 
idea involves gravity, it still suffers from quantum inconsistencies. Thus it does 
not provide an ultra-violet completion of General Relativity. 

Brane-world scenario 

Another fascinating idea concerning the existence of extra dimensions, is based on 
the assumption that only gravity can propagate in the extra dimensions [HI [19]. 
On the other hand, Standard Model fields are assumed to be trapped in our 



z/ = 0,...,3): 




g^, 4D graviton 

5^4, 4D gauge boson 

#44, 4D scalar (modulus) 
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four- dimensional world. More precisely, the Standard Model is said to live on a 
'brane' (generalisation of a membrane embedded in a higher- dimensional space- 
time), while gravity propagates in the 'bulk' of space-time. 

Given that gravity has been tested only down to 0.1 mm without observing 
any significant deviation from the four- dimensional Newton's law [211], the most 
attractive feature of this scenario is that it allows for compactification manifolds 
with a very large volume, at least of the order V ~ (0.01 mm) D , for arbitrary D 
extra dimensions. We stress that such a large volume is forbidden in Kaluza-Klein 
theories, since it implies light Kaluza-Klein excitations of Standard Model fields, 
in conflict with experiment. On the other hand, in the brane- world scenario, such 
fields do not propagate in the bulk, hence they do not have Kaluza-Klein replicas. 

The large volume of the compactification manifold introduces, in turn, a 
possible new solution of the hierarchy problem. In fact, denoting with M^+d 
the (4 + Z})-dimensional fundamental scale, the four-dimensional Planck mass is 
given by: 



where V is the volume of the internal manifold measured in units of {M±+d) 
Then in certain models, a volume very close to the present experimental bounds 
together with a fundamental scale of the order M 4+ £) ~ 1 TeV, would give exactly 
Mp ~ 10 18 GeV as a derived quantity. 

A very interesting generalisation of this scenario consists in adding a warp 
factor in front of the four- dimensional metric. In the five- dimensional case, this 
corresponds to: 



where y is the fifth dimension and W(y) is the warp factor. Considering branes 
located at fixed points in the ^-direction, they feel different scales in their met- 
rics due to different values of W(y). Due to the exponential behaviour of the 
warp factor, the scales change very fast, allowing for the possibility of a small 
fundamental scale even for small volumes of the compactification manifold [21 J . 
In addition, a further five-dimensional version of the brane-world scenario pro- 
poses infinitely large extra dimensions in AdS space [22J. In this case, it is still 
possible to evade the present experimental bounds on the variation of gravity, 
since warping localises gravity 'close' to the Standard Model brane. 

Again, it is fair to emphasise that, despite its theoretical and phenomeno- 
logical appeal, this setup does not provide an ultra-violet completion of General 
Relativity, since gravity is treated classically. 



M| = (M 4+D ) 2 V, 



(1.5) 



ds 2 = W{y)g ilv dx tl dx u + dy 2 , 



(1.6) 
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1.2 Beyond standard cosmology 



1.2.1 The Standard Cosmological Model 

The Standard Cosmological Model is formulated within the framework of the clas- 
sical theory of Einstein gravity [231 [23] . The cosmological evolution of our Uni- 
verse is determined by considering a perfect fluid in a homogeneous and isotropic 
space-time. This assumption constraints the form of the metric, which is forced 
to take the famous Friedmann-Robertson- Walker (FRW) form: 

(]yl + r 2 (d6 2 + sin 2 Qdtf) 



ds 2 = -dt 2 + a 2 (t) 



kr 2 



;i-7) 



where the scale factor a(t) is an unknown function which measures the evolution 
of the Universe in cosmological time, while k is a discrete parameter, k = —1, 0, 1, 
that determines the curvature of the spatial sections at fixed t, corresponding to 
an open, flat or closed Universe, respectively. The perfect fluid is described by 
an equation of state of the form p = wp, where p and p are its energy density 
and pressure, respectively, whereas the parameter w is a constant describing the 
nature of the energy source dominating the energy density of the Universe. 

The most important implication of the FRW ansatz (11.71) together with the 
positivity of the energy density p, is that the space-time has an initial singularity 
at t = 0, the big-bang, from which the Universe started its expansion. The 
presence of the singularity is a clear sign that we are using General Relativity 
in a region beyond its regime of validity, where quantum effects start playing a 
crucial role. 

Plugging the FRW ansatz for the metric (11.71) into the Einstein's equations, 
one obtains the so-called Friedmann's equations: 

8tvG n k 

-^-P--V (1-8) 



H 2 = 
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(p + 3p), (1.9) 

which, at fixed k, are two differential equations for a(t) and p(t). Usually the sec- 
ond Friedmann's equation is traded for the derived energy conservation equation, 
which reads: 

p = -3H(p + p) = -3(1 + w)Hp. (1.10) 

Without solving these equations, but just looking at their form, we can make 
several interesting observations: 

• If (p + 3p) > 0, which is satisfied for many physical cases, the Universe 
expands decelerating, as can be seen from the second Friedmann's equation 
which would imply d < 0; 
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• For k — — 1, the first equation tells us that, for p > 0, the Universe keeps 
expanding forever, whereas for k = 1 there can be a value of a, for which 
the curvature term compensates the energy density term, and a = 0. After 
this time, a decreases and the Universe re-collapses. 

• It is not possible to have a closed Universe (k = 1) that re-collapses, if it 
is always accelerating. In fact, the second Friedmann's equation, which is 
independent of k, for (p + 3p) < 0, implies a > 0. This is the case, for 
instance, of vacuum domination (w = —1). 

Let us now present in table 2, the solutions of Friedmann's equations in the 
simplest case k = in which the curvature term vanishes: 





w 


Energy density 


Scale factor 


Matter 


w = 


p ~ a -3 


a(t) ~ t 2 / 3 


Radiation 


w = l 


—4 

p ~ a 


a(t) ~ *V2 


Vacuum (A) 


w = — 1 


p ~ A/(8ttG n ) 


a(t) ~ exp( v /A/3t) 



Table 2: Solutions of the Friedmann's equations in the case of a flat Universe 

(* = 0). 



The value of k can be determined experimentally by measuring the param- 
eter Q, defined as the ratio of the energy density of our Universe and a critical 
density: 

n = f- with Pe = ^L-. (1.11) 

Pc 8ttG n 

In fact, with this definition, the first Friedmann's equation can be rewritten as: 

with a clear connection between the curvature of the spatial sections and the 
departure from critical density. Then a flat Universe (k = 0) corresponds to 
Q = 1, whereas an open (k = —1) and closed (k = 1) one corresponds to Q < 1 
and Q > 1, respectively. In the case of multiple contributions to the energy 
density of the Universe, we will have Q = Yli^i- 

Based on all these considerations, the Standard Cosmological Model con- 
siders the early Universe as an expanding gas of particles in thermal equilib- 
rium, which underwent a cosmological evolution through the following main steps 
[231 El]: 

• Approximately 13 billion years ago, the Universe began expanding from an 
almost inconceivably hot and dense state, until reaching the present cold 
and sparse state after a long process of continuous expansion and cooling. 
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• The early Universe was a plasma of matter and radiation, characterised 
by processes of creation and annihilation of particles and anti-particle with 
the same interaction rate. However, when the Universe became so cold to 
prevent the production of certain kinds of particles, these species dropped 
out of thermal equilibrium and are said to have frozen out. At this point, 
a still poorly-understood process, called baryogenesis, should explain the 
observed asymmetry between matter and antimatter. 

• When the Universe cooled down, the quarks bound together to form hadrons. 
Subsequently, free protons and neutrons combined together to give rise to 
various light elements such as 2 H, 3 He, 4 He, and 7 Li. This process is called 
Big Bang Nucleosynthesis (BBN) [25]) an d took place during the first 10 
minutes or so. At this stage, the Universe was opaque to light due to the 
very efficient absorption of photons by the large number of free electrons. 

• Around a few thousand Kelvin, the Universe was cold enough for free nuclei 
and electrons to begin to combine into atoms. This process, called recombi- 
nation, occurred about 10 5 years after the big-bang. Due to the formation 
of atoms, the Universe became transparent and the light released at this 
time is perceived today (after red-shifting by the Universe's expansion) as 
the cosmic microwave background (CMB). In addition, by this time, dark 
matter had already begun to collapse into halos. 

• At approximately the same time when the Universe became transparent, 
it also changed from being radiation dominated (w — 1/3) to matter dom- 
inated (w = 0). After this, galaxies and stars began to form when the 
baryonic gas and dust collapsed to the centre of the pre-existing dark mat- 
ter halos. The formation of these large scale structures is probably due to 
the quantum fluctuations of the early Universe, leading to our present time. 

The main experimental successes of the Standard Cosmological Model are the 
following ones: 

• Hubble 's law. In 1929, after the observation of the red-shift of the light 
emitted from distant galaxies, Hubble formulated his famous law which 
consists in a linear relation between the velocity and the distance of a 
galaxy with respect to the Earth. This was the first empirical observation 
in favour of the standard picture of an expanding Universe in continuous 
deceleration. 

• Big-Bang Nucleosynthesis. The relative abundance of light elements pre- 
dicted by Big-Bang Nucleosynthesis [25] matches the observational data 
with a stunning precision. The percentages are approximately 75% H, al- 
most 24% 3 He, and other light elements such as 2 H and 4 He, with small 
fractions of a percent. 
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• Cosmic Microwave Background. In 1965, Penzias and Wilson, in order to 
find the origin of an excess of noise in their antenna, discovered by chance 
the cosmic microwave background predicted by the Standard Cosmological 
Model. The CMB presents a black-body spectrum at 2.7 Kelvin, with an 
extremely uniform temperature in all the directions of our Universe. How- 
ever, in 1991 the COBE satellite observed small temperature fluctuations in 
the CMB spectrum, signalling density fluctuations in the sky correspond- 
ing to the presence of large scale structures. Subsequent experiments, like 
BOOMERANG [251, MAXIMA [27] and WMAP [28], provided very strong 
evidence for a flat Universe and measured several fundamental parameters 
of FRW cosmology, such as Q, flbaryon, and the cosmological constant. New 
refined measures of the properties of the CMB are going to be performed 
by the PLANCK satellite which has been launched in May 2009. 

Despite its observational and theoretical successes, the Standard Cosmological 
Model is plagued by several severe problems, which we list below: 

• Initial singularity. The initial singularity is a clear sign of the breakdown 
of General Relativity. This is certainly the main conceptual problem in 
cosmology, and it does not allow us to answer the fundamental question of 
whether our Universe had a beginning or not. 

• Flatness problem. The recent results on the CMB provide evidence for 
f2 ~ 1. However, an extremely small departure from Q = 1 in the early 
Universe, would result in a huge deviation from flatness today. Therefore, 
the flatness problem is essentially a fine-tuning problem. 

• Horizon problem. At leading order, the observed spectrum of the CMB 
radiation coming from points in the space that do not appear to be in 
causal contact with each other, is identical. Therefore, the isotropy of the 
Universe turns out to be an intriguing puzzle. 

• Origin of CMB anisotropics. The Standard Cosmological Model does not 
contain any explanation for the origin of the observed CMB anisotropies, 
which are expected to be produced from physics of the early Universe. 

• Baryogenesis. The Standard Cosmological Model does also not explain 
the observed excess of matter over antimatter. It is known that baryoge- 
nesis can take place only if the three Sakharov's conditions [29] (out-of- 
equilibrium decays, baryon number and CP violation) are satisfied. How- 
ever, this cannot be derived within the Standard Model of particle physics. 

• Composition of our Universe. Present observations of the different contri- 
butions to the energy density of our Universe, show that ordinary matter 
composed of protons, neutrons, and electrons, (comprising gas, dust, stars, 
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planets, people, etc) accounts just for the 5% of the total energy density [30] . 
This leads to the dramatic consideration that the nature of the remaining 
75% is presently unknown. 

More precisely, there should be other two contributions to the total energy 
density of our Universe: 

- Cold Dark Matter: ~ 25% 

This is the so-called 'missing mass' of the Universe [31] . It comprises 
the dark matter halos that surround galaxies and galaxy clusters, and 
should play an important role in the explanation for the large scale 
structure formation. It is said to be 'cold' because it is non-relativistic 
during the era of structure formation. The Standard Model of parti- 
cle physics does not contain any viable dark matter candidate, which 
should, instead, correspond to a new weakly interacting massive par- 
ticle or an axion. 

— Dark Energy: ~ 70% 

Recent results from the study of high red-shifted supernovae [32] and 
the CMB [28], have independently discovered that the expansion of 
the Universe appears to be accelerating at present. This is due to 
some kind of 'antigravity' effect, called dark energy, which provides 
(p + 3p) < 0, and causes the Universe to accelerate. This acceler- 
ation could be caused either by a time varying scalar field, named 
'quintessence', or by the old Einstein's idea of an effective cosmolog- 
ical constant, whose present value is A = lCT 120 Mp = (10~ 3 eV) 4 . 
The fact that A is extremely close to zero but not vanishing, definitely 
requires an explanation. 



1.2.2 Inflation 

The most compelling solution to the flatness and horizon problems is achieved 
by requiring that in the first 10 -34 seconds or so, the Universe underwent a brief 
period of exponentially fast expansion, known as inflation [33J . This period would 
smooth out the Universe's original lumpiness and leave it with the homogeneity 
and isotropy we see today, so explain why some regions could be in causal contact 
with each other. 

Without any doubt, the most beautiful feature of inflation is that it can 
render quantum effects visible in the sky. In fact, thanks to inflation, quantum 
mechanical fluctuations during this process could be imprinted on the Universe as 
density fluctuations [34J , which later seeded the formation of large scale structures 
that are observed today as temperature fluctuations in the CMB |28j . 
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Moreover, most of the Grand Unified Theories beyond the Standard Model 
predict the existence of topological defects, like monopoles, whose presence would 
over-close the Universe. However, inflation solves also this problem, since the 
exponential expansion would dilute any unwanted relic. 

This new cosmological paradigm has recently received a lot of attention due 
to the striking agreement of its basic predictions (a scale invariant, Gaussian and 
adiabatic CMB spectrum) with the the measurements of the properties of the 
cosmic microwave background radiation [28] . 

The simplest inflationary model is realised within an effective field theory 
below M P . It consists of a scalar field ip with a potential V(ip), whose value 
provides an effective cosmological constant corresponding to the case w — — 1, 
which causes the scale factor a(t) to increase exponentially. 

However, there are still several unanswered questions regarding inflation 
which can be answered only embedding it into an underlying consistent theory 
of quantum gravity: 

• What is the scalar field, called inflaton, driving inflation? 

• Is the inflaton just driving inflation or it is also generating the primordial 
quantum fluctuations? In the first case, who is responsible for the density 
perturbations? 

• Is it possible to derive the inflaton's potential from first principles? 

• Can we have control over the initial conditions of inflation? 

• The best present model of inflation relies on the slow roll of a scalar field 
down a very shallow potential. This implies a very small mass of the infla- 
ton: M in f < H, where H is the Hubble parameter during inflation. Given 
the notorious ultra-violet sensitivity of scalar masses, how is it possible 
to keep the inflaton's mass low protecting it from getting large quantum 
corrections? 

• The ultra-violet sensitivity of inflation gets even worse when one looks at 
possible models that would generate observable tensor modes, since they 
require the inflaton to travel a trans-Planckian distance in field space. Thus, 
in this case, the contribution of Planck-suppressed operators cannot be 
neglected anymore. 

Finally it is worth mentioning that, although inflation is by far the most com- 
pelling explanation for the observed properties of the early Universe, it has noth- 
ing got to say about the resolution of the initial singularity or the nature of dark 
energy. Moreover, its status is the subject of some debate, and most authors 
find that some degree of fine-tuning appears to be necessary. Thus, it is worth 
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keeping in mind the possibility of an entirely different solution to the Big Bang 
problems (like pre-Big Bang [35] or ekpyrotic/cyclic scenarios [36]). 

1.3 String Theory 

String theory is at present the most promising candidate for a consistent theory of 
quantum gravity, which is also able to incorporate all the four known interactions 
and matter in a beautiful unified framework [371 1381 l39| HQ]. In this sense, it 
differs from all the proposed ideas for physics beyond the Standard Model, since 
it addresses precisely the toughest of all issues: the quantisation of gravity In 
fact, string theory provides an ultra-violet completion of General Relativity, which 
is finite order by order in perturbation theory. 

Both four dimensional Einstein gravity and Standard Model-like theories 
with chiral fermions can be obtained as a low-energy effective theory for energies 
below a typical scale, the string scale M s . Furthermore, all the previous proposals 
for physics beyond the Standard Model can be embedded into string theory, which 
represents also the natural framework where inflation should be derived. 

As a theory of quantum gravity, string theory should be able to provide 
an answer to most, if not all, of the fundamental questions beyond the Standard 
Cosmological Model. On the other hand, as a theory underlying gauge interac- 
tions, it has the potential to solve crucial problems in particle physics, like the 
number of families, the gauge group and the observed couplings, the origin of 
chirality, the physics of supersymmetry breaking, etc. 

Furthermore, string theory has the beautiful feature that there are no fun- 
damental constants: it is the dynamics of the theory that selects a particular 
vacuum state which, in turn, determines all the masses and couplings. 

String theory has an extremely rich structure, from the mathematical, the- 
oretical and phenomenological points of view. In fact, the attempt to try to 
understand it in depth, has led to many profound results, like the discovery of 
mirror symmetry [?TJ S2], an exact microscopic calculation of the Bekenstein- 
Hawking black hole entropy [13], a smooth description of space-time topology 
change @H SSI SHI UJ and the AdS/CFT correspondence [3%] . 

Despite these successes, it has to be said that, at present, the theory still 
lacks any experimental evidence and a decisive low-energy test of string theory 
does not seem possible. 

1.3.1 Perturbative strings and dualities 

String theory can be introduced as the theory describing tiny one-dimensional ob- 
jects that, moving through .D-dimensional space-time, sweep out two-dimensional 
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'world sheets' E which may be viewed as thickened Feynman diagrams. The two- 
dimensional field theories living on such Riemann surfaces define different per- 
turbative string theories whose building blocks are free two-dimensional bosons 
and fermions, X^z) and ipi(z), corresponding to the bosonic and fermionic coor- 
dinates of the string in D-dimensional space-time. Combinations of these two- 
dimensional fields give rise to a finite number of massless space-time fields, plus 
an infinite tower of stringy excitations with arbitrary high masses and spins. The 
level spacing of the excited states is governed by the string scale, M s , which gives 
also the size of the string. Schematically, the most generic massless operators are 
(ji,u=l,...,D): 

TfdXpdXy < — ► <p, dilaton 

dX^dXy < — > g^, graviton , . 

dX^dX a < — > A" gauge boson 
dX a dX b < — ► $ a6 , Higgs field 

Moreover, two dimensional supersymmetry implies the existence of also space- 
time fermions ('electrons' and 'quarks'), which are obtained by taking anti- 
periodic boundary conditions of the ipi(z) on E. Given that from the two- 
dimensional point of view, the nature of all these operators is very similar, string 
theory provides a beautiful unified description of all interactions and matter. 
Moreover, due to the presence in the massless spectrum of a spin-2 particle [37J, 
the graviton, we realise that the first 'prediction' of string theory is the existence 
of gravity. 

The fact that string theory contains both General Relativity and non- 
abelian gauge theories (plus stringy corrections strongly suppressed by inverse 
powers of M s ), can de inferred by looking at the perturbative effective action: 

Sif f (A^g^...) = Ve-^' / fdiPdx- . e f^^,x,..,A^,..) 

= J d D x^=g~e- 24> [R + TtF^F^ + ...} + OiM; 1 ), (1.14) 

where A^, g^ u , ... are space-time fields providing the background in which the 
string moves. The weighted sum in the expression (11.14p is over all the possible 
two-dimensional world-sheets E 7 , and corresponds to the usual loop expansion 
of quantum field theory. The field cf> is the dilaton and its VEV sets the coupling 
constant for the perturbation series, g s = (e^), whereas the Euler number x(E 7 ) is 
the analog of the loop-counting parameter. It is interesting to notice that there is 
only one 'diagram' at any given order in string perturbation theory, which comes 
along with integrals over all the possible inequivalent shapes of the Riemann 
surface, corresponding to the momentum integrations in ordinary quantum field 
theory. This string loop expansion does not contain any ultra-violet divergence, 
so making the theory a perfect candidate for a consistent treatment of quantum 
gravity. 
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The two-dimensional field theory is characterised by conformal invariance, 
which is needed for its consistency and requires the space-time to have D — 10 
dimensions. In addition, the conformal symmetry, via Ward identities, implies 
general coordinate and gauge invariance in space-time. This is the reason why 
we could obtain an effective action of the form (j!.14p . 

By combining in various ways the building blocks of the world-sheet field 
theories, one obtains five ten-dimensional string theories which have completely 
different spectra, number of supersymmetries and gauge symmetries at the per- 
turbative level: 





Gauge Group 


Supersymmetry 


Type IIA 


U(l) 


non-chiral N = 2 


Type IIB 




chiral N = 2 


Heterotic 


Eg x E$ 


chiral N = 1 


Heterotic' 


SO (32) 


chiral N = 1 


Type I (open) 


SO '(32) 


chiral N = 1 



Table 3: Five perturbatively different ten-dimensional string theories. 

At this point, the natural question to ask is: If one of these five different 
theories in D = 10 would be the fundamental theory, what is then the role of the 
others? The answer to this question relies on non-perturbative effects and the 
notion of 'duality' jl9], which open up a completely new perspectives on the very 
nature of string theory. 

Duality is a map between solitonic (non-perturbative, non-local, 'magnetic') 
degrees of freedom, and elementary (perturbative, local, 'electric') degrees of 
freedom. Typically, duality transformations exchange weak and strong-coupling 
physics acting on coupling constants like g — > 1/g. 

Let us illustrate this concept in the simple example of four-dimensional 
N = 2 SU{2) gauge theory [501 EI]- The moduli space M. is spanned by the 
VEV of a Higgs field 0, which determines also the holomorphic effective gauge 
coupling g{4>). Moving around in Ai will change the vacuum state, and so also 
the value of g(<p) and the mass spectrum. 

In the weak coupling semi-classical region near (</>) — ► oo, the effective gauge 
coupling becomes arbitrarily small, g(<p) — > 0, and the perturbative definition of 
the gauge theory is arbitrarily good. The non-perturbative effects are strongly 
suppressed and the solitonic magnetic monopoles become so heavy that they 
effectively decouple. However, when we move in Ai towards the strong coupling 
region g(<p) — > oo, the original perturbative definition does not make sense, since 
the contribution of non-perturbative instantons cannot be neglected anymore. 
The crucial observation is that the inverse of g(4>), go = 1/g, yields another 
expression for the 'dual' gauge coupling that is well defined near 1/g — ► 0. Indeed, 
in this region, the infinite instanton series for the dual coupling go converges very 
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well. 



We realise that, in different regions of the moduli space, the same theory 
can be described by different perturbative approximations in terms of different 
weakly coupled local degrees of freedom. In fact, at weak coupling, there is a 
perturbative formulation based on the £77(2) gauge symmetry, while at strong 
coupling, we have a £7(1) perturbative description with some extra massless mat- 
ter fields ('electrons'), which in the original variables, correspond to some of the 
solitonic magnetic monopoles that become light at strong coupling. 

The analogs of these magnetic monopoles in string theory are given by i p- 
branes' [40j. These are (p + l)-dimensional extended objects, with p = 0, 1, 9 
space and one time dimensions, that can wrap around p-dimensional cycles 7 P of 
a compactification manifold. In the singular regions of the moduli space where 
such cycles shrink to zero size, corresponding to the strong coupling regime of 
the field theory living on the brane (since g 2 = l/Vol(7 P )), a p-brane wrapped 
around j p , will give a massless state in four dimensions [36]. On the other hand, in 
the limit when 7 p becomes very large, these states become arbitrarily heavy and 
eventually decouple. In this case, the relevant objects dual to certain solitonic 
states are special kinds of p-branes, called 'Z)p-branes' |52j . 




In view of the previous remarks, we now point out that the five perturba- 
tively different string theories turned out to be all connected by various dualities 
[531 G3]- Hence they represent just different approximations of a unique underly- 
ing theory, called 'M-theory' [SSI ES] , whose deep structure has not been unveiled 
yet. 

1.3.2 Compactification of extra dimensions 

As we have seen, string theory requires the existence of extra space-time di- 
mensions, and so the study of string compactifications is a crucial issue to make 
contact with our real world. We shall, therefore, assume that the space-time man- 
ifold is not simply IR 1 ' 9 , but R 1 ' 3 x Y e , where Y 6 is some compact six-dimensional 
manifold. 

It has to be said that there is no reason why a ten dimensional theory wants 
at all to compactify down to D — 4, since many choices of space-time background 
vacua of the form M 10_n x Y n appear to be on equal footing. It is very likely that 
only cosmology will be able to give an answer to this fundamental question. 

The compactification is usually demanded to yield a supersymmetric low 
energy effective theory mainly for two reasons: 

• The supersymmetry breaking scale is supposed to be low; 

• Supersymmetry simplifies the calculations (for example the holomorphicity 
of the superpotential and its non-renormalisation). 
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The requirement of obtaining N — 1 supersymmetry in D = 4, forces the internal 
manifold Y 6 to be a very complicated 'Calabi-Yau' space [57J EH]- I n reality, 
there is a large number of choices for the compactification manifold, since the 
number of Calabi-Yau spaces is perhaps of the order 10 4 . Given that the particle 
content and forces in four dimensions are determined by the topology of the extra 
dimensions, each of these spaces leads to a different four dimensional physics. 
Then the conceptual problem is that there does not seem to be a good way of 
choosing between different vacua. At the moment, the best solution is based only 
on a selection principle [5§J EOl ED E2] • 

Moreover, string compactifications are characterised by the ubiquitous pres- 
ence of moduli, which parameterise the shape and the size of the extra dimensions. 
For a typical compactification manifold, the number of these parameters can eas- 
ily approach the order of several hundreds. These moduli are massless uncharged 
scalar particles which would mediate unobserved long-range fifth forces due to 
their effective gravitational couplings to all ordinary particles. Hence it is of pri- 
mary importance to develop a potential for these particles, and so to give them 
a mass. This problem goes under the name of moduli stabilisation. This issue is 
also crucial to understand all the main features of the low-energy effective field 
theory, since both the gauge and the Yukawa couplings depend on the vacuum 
expectation value (VEV) of the moduli. There is also a cosmological constraint 
over the moduli masses, m mo d > 10 TeV, so that they decay before baryogenesis 
evading the cosmological moduli problem [631 EH ES] . 

The other fundamental task to make contact between string theory and 
the real world, is to find a string compactification that reproduces the Standard 
Model of particle physics. This means that one should be able to reproduce the 
correct scales, gauge group, chiral spectrum and Yukawa couplings. This problem 
is often called model building. String phenomenologists are also very interested 
in building a supersymmetric extension of the Standard Model and would like 
to embed these constructions in a framework where gauge coupling unification is 
obtained as well. 

As we have seen in the previous section, there are five different perturbative 
string theories, all existing in ten dimensions and all related by strong-weak 
coupling dualities. Therefore in order to study string compactifications, one has 
first to choose which ten-dimensional string theory wants to consider. 

Historically the string theory that attracted most of the attention was the 
heterotic E& x E% because it was the most promising for phenomenology: upon 
Calabi-Yau compactification to four dimensions it gives rise to N — 1 chiral 
models with an observable sector, coming from the first E 8 , which contains the 
Standard Model symmetry and several families of matter fields [HE]- The second 
Eg gives rise to a hidden sector, which was proposed to break supersymmetry, in 
the attempts of supersymmetric model building prior to string theory. Then the 
Calabi-Yau breaks E 8 — > E 6 which contains the Standard Model gauge group or 
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GUT's generalisations like SU(5) or 50(10) (SU(3) x SU(2) x U(l) C SU(5) C 
50(10) CE 6 C E s ) [67]. 

However the moduli stabilisation issue has always been a great problem 
for heterotic strings. Even though there are some solutions for simple examples 
mainly based on gaugino condensation [SHI ESJ EH EE] , a general deep understand- 
ing of this issue is still lacking. Moreover, despite all the promising features of 
these compactifications, no one has managed yet to derive exactly the Standard 
Model from the heterotic string. There are however some Standard Model-like 
constructions which usually come along with exotic matter and anomalous ex- 
tra £7(1) 's [72]. Heterotic string phenomenology is still today an active area of 
research. 

The other four string theories seemed much less interesting; for example, 
it seemed to be impossible to obtain the Standard Model out of type II string 
theories due to the absence of non-Abelian gauge symmetries in their low-energy 
limit. On top of that, there was also a no-go theorem preventing the turning 
on of background fluxes [73] , which were interesting candidate energy sources to 
stabilise the moduli. Hence the other main problem of type II theories was also 
their vacuum degeneracy. 

However the discovery of D-branes by Polchinski in 1995 [52], opened up 
the possibility, not only to understand the intricate web of dualities of M-theory, 
but it also allowed to completely change our view of type II compactifications for 
the following reasons: 

• D-branes provide a new origin of non-Abelian gauge symmetries and chi- 
rality. Gauge and matter fields are open strings whose end-points are con- 
strained to move on the brane [HJ [75] ; 

• .D-branes represent exceptions to the existing no-go theorem [75] , so allow- 
ing to turn on background fluxes. This is a key-point to be able to solve 
the moduli stabilisation problem [76J; 

• .D-branes allow for a stringy realisation of the 'brane-world scenario' with 
large extra dimensions [18]. The Standard Model lives on a particular D- 
brane whereas the closed string sector, including gravity and the dilaton, 
probes all the extra dimensions; 

• D-branes provide also new cosmologically interesting degrees of freedom 

[m Eg. 

The reason why internal fluxes play a key-role to fix the moduli in type II theories 
is that their back- reaction on the Calabi-Yau geometry just renders the compact- 
ification manifold conformally Calabi-Yau. On the contrary, the use of fluxes to 
freeze out the moduli, in the heterotic case, is still poorly understood since their 
back-reaction destroys the Calabi-Yau background. Hence it is very difficult to 
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have control over the internal geometry. This is the main reason why moduli 
stabilisation is better understood in the context of type II theories which have, 
therefore, recently received so much interest worldwide. 

1.3.3 String phenomenology 

Historically type II string phenomenologists focused their studies either on local 
(brane) or global (bulk) properties of their constructions with the general belief 
that the two issues were almost independent. Hence each problem has been 
studied separately assuming that a solution of the other would be found in an 
independent way. This approach was, in a certain sense, justified also by the 
intrinsic difficulty to solve each problem. Let us summarise the main features of 
these two different approaches in string phenomenology: 

• Global models. One insists in having a complete compact Calabi-Yau com- 
pactification with, for example, full moduli stabilisation, Ramond-Ramond 
tadpole cancellation and Freed- Witten anomaly cancellation, being consis- 
tent at the global level. This is often also called a top-down approach. 

• Local models. One considers local sets of lower dimensional Dp-branes, 
which are localised in some area of the Calabi-Yau and reproduce Standard 
Model physics. One does not then care about global aspects of the compact- 
ification and assumes that eventually the configuration may be embedded 
inside a fully consistent global model. This is often called a bottom-up 
approach. 

The latter bottom-up approach is not available in heterotic or type I models, 
since the Standard Model fields live in the bulk six dimensions of the Calabi-Yau. 
In principle, a globally consistent compactification is more satisfactory. On the 
other hand, local configurations of Dp-branes may be more efficient in trying to 
identify promising string vacua, independent of the details of the global theory. 
The main examples of local constructions of the Standard Model via D-branes 
are: 

• Intersecting D6-branes in type IIA, where non-zero angles between the 
branes give rise to chirality |75j . The Standard Model lives on D-branes 
and gravity in the bulk, realising the brane world scenario; 

• Magnetised _D7-branes in type IIB. This construction is T-dual to the previ- 
ous one. Open strings stretched between differently magnetised (via turning 
on a non-zero field strength on the brane world-volume) D7-branes give a 
chiral spectrum [79] : 
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• £>3-branes at singularities in type IIB [801 ED E2J E3]. This case can be 
considered as a limiting class of magnetised branes wrapping cycles which 
are collapsed at a Calabi-Yau singularity. Realistic models with N — 1,0 
supersymmetry have been found with the small string scale M s ~ 10 12 
GeV or even M s ~ 1 TeV. We mention that also in compactifications of 
M-theory on G2 holonomy manifolds, in order to have chiral fermions, the 
matter needs to be at singular points |84j. 

Some of the main issues of string compactifications that have to be studied glob- 
ally (bulk properties) and locally (brane properties) are the following: 



Local (brane) issues 


Global (bulk) issues 


Standard Model gauge group 


Moduli stabilisation 


Yukawa couplings 


Supersymmetry breaking 


Chiral spectrum 


Soft terms 


Gauge coupling unification 


Cosmological constant 


Mixing angles 


Inflation 


Hierarchies? 


Hierarchies? 


Proton stability 




Baryogenesis 




Reheating 





Table 4: Global and local aspects of string compactifications. 



We wrote down the issue 'hierarchies' on both sides with a question mark, to 
stress the fact that it is not clear how to solve this issue. In fact, in Nature there 
are several hierarchies which demand an explanation (the only fully understood 
is the QCD scale!): 

• Planck scale: M P = 2.4 • 10 18 GeV, 

• GUT/Inflation scale: M GUT ~ 10 16 GeV, 

• QCD axion (decay constant) scalfl 10 9 GeV < f a < 10 12 GeV, 

• Soft terms (masses of superpartners): M so f t ~ 1 TeV, 

• Weak scale: M w ~ 10 2 GeV, 

• QCD scale (masses of hadrons): Aqcd ~ 200 MeV, 

• Neutrino mass scale: 0.05 eV < m v < 0.3 eV, 

• Cosmological constant: A ~ 10~ 120 Mj, ~ (10~ 3 eV) 4 . 

1 Assuming a solution of the strong CP problem via a Peccei-Quinn axion [551 186j . 
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In this thesis, we shall consider the solution of the Mp versus My/ hierarchy 
problem as a global aspect of the string compactification [87]. In fact, we shall 
make use of the presence of exponentially large extra dimensions. The main scales 
of a string compactification in terms of the internal volume V, take the following 
form [87J EH US]: 

M P „ M P 



M s ~ M GUT ~V 1/6 M i 



y WI ' s yl/3 



M, M, M ? M f 



~ — ~ — ^ ~ — ^, M so/t ~ m 3/2 



^> yl/6 y2/3' "" so ^ y • 

Therefore a volume of the order V ~ 10 15 , gives rise to TeV-scale supersymmetry 
(M ao ft ~ m 3 / 2 ~ 1 TeV), even though the standard picture of gauge coupling 
unification would be destroyed by a too low GUT scale: Mqut ~ 10 13 GeV. The 
string scale would be intermediate [90] . M s ~ 10 10 GeV, and the Kaluza-Klein 
scale a bit lower: Mkk ~ 10 8 GeV. 

In this thesis we shall focus mainly on the problem of moduli stabilisation 
in type IIB string theory and the application of its solution to cosmology (for 
moduli fixing in type IIA see [SI]). In fact, all the global aspects of string com- 
pactifications depend on the solution to moduli stabilisation. The final goal is 
to find solutions of all these problems via building local explicit realistic models, 
and embedding them in a global model independent framework which solves all 
the bulk issues listed above. 



1.3.4 The type IIB LARGE Volume Scenario 

Taking the low-energy limit of type IIB string theory below M s , one obtains 
ten-dimensional type IIB supergravity, which has N = 2 supersymmetries and 
whose field content is given by the massless degrees of freedom of the string. We 
then compactify six of the ten dimensions and perform the further low-energy 
limit below the compactification scale M^k, keeping only the zero- modes of the 
Kaluza-Klein tower associated to each of the ten-dimensional states. Zero modes 
correspond to zero eigenvalues of a particular differential operator, which, for 
example, in the case of scalar fields, is the ordinary Laplacian V 2 . We end up in 
four- dimensional type IIB supergravity with N = 8 supersymmetries. Choosing 
the internal space to be a Calabi-Yau three-fold, the number of supersymmetries 
is reduced from iV = 8 to N = 2. We finally end up with a iV = 1 theory by 
taking an orientifold projection of the Calabi-Yau three-fold. 

The moduli present in this low-energy effective field theory can be classified 
according to their nature of closed or open string modes. Examples of closed 
string moduli are: 

1. The axio-dilaton whose VEV gives the string coupling, 
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2. Complex structure moduli parameterising the shape of the extra dimen- 
sions, 

3. Kahler moduli parameterising the size of the extra dimensions. 
Examples of open string moduli are: 

1. D3-brane position moduli, 

2. D7-brane deformation moduli, 

3. Wilson lines. 

Given that we are focusing now on global properties of string compactifications, 
we shall ignore open string moduli since their presence and features depend on 
the particular local model one decides to consider. 

In the absence of internal fluxes, the superpotential is vanishing. Hence we 
obtain a completely flat potential for all the moduli. This is the reason why these 
particles are called moduli. 

Historically there was a no-go theorem [73J claiming that it was impossible 
to have non-zero fluxes due to the tadpole cancellation condition, given that the 
fluxes were the only semi-positive definite contributions. However the discovery of 
branes led to the possibility to overcome this no-go theorem (due to the presence 
of local sources with negative D3-brane charge, like D7-branes and 03-planes), 
and allow for non- vanishing background fluxes [761 192] , which, in turn, generate 
a semi-classical! superpotential. 

Hence both the dilaton and the complex structure moduli can be stabilised 
at tree level by turning on background fluxes. By appropriate fine-tuning of 
the internal fluxes, one can always fix the dilaton such that the string coupling 
is in the perturbative regime. Given that there is no constraint on the choice 
of fluxes, except for the tadpole cancellation condition, one is free to vary these 
fluxes, generating an enormous number of different vacua, which form the famous 
string landscape [931 El E3 [96] . 

Semi-classically, the potential for the Kahler moduli is still flat due to the 
no-scale structure [HZ] , which is the typical feature of these models. The tree-level 
flatness of the potential for the Kahler moduli implies that, to study Kahler mod- 
uli stabilisation, we should keep all possible perturbative and non-perturbative 
corrections, while the dilaton and the complex structure moduli can be integrated 
out at tree- level [98] . 

The respective order of magnitude of the perturbative versus the non- 
perturbative corrections to the scalar potential is set by the flux- dependent tree- 
level superpotential W . For natural values of W ~ ^(1), the perturbative 
corrections are leading with respect to the non-perturbative ones [99j . 

2 Because the fluxes are quantised. 
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However historically, the first example of Kahler moduli stabilisation |100j 
considered only non-perturbative corrections to the superpotential, and so it has 
been necessary to fine-tune Wo extremely small. 

A more promising Kahler moduli stabilisation mechanism should work with- 
out fine-tuning Wq. Therefore it has been put some effort on trying to perform 
a pure perturbative stabilisation of the Kahler moduli [101[ 11021 |103j. How- 
ever, also this attempt turned out to require fine-tuning in the complex structure 
sector. 

The last possibility to fix the Kahler moduli naturally seems to be by setting 
Wq ~ C(l)> and then requiring non-perturbative corrections to compete with the 
perturbative ones, which include a' effects |lU4j and quantum string loops (see 
|105[ 1106] and chapter 5 of this thesis). This procedure was first investigated in 
[87] neglecting g s corrections, and led to the discovery of string compactifications 
with exponentially large volume. This is the main topic of this thesis and we will 
refer to those constructions as LARGE Volume Scenarios 



In Part II of this thesis, we shall give a general analysis of LVS presenting 
the topological conditions on an arbitrary Calabi-Yau three-fold under which the 
scalar potential admits a minimum at exponentially large volume. Supersym- 
metry is broken through the minimisation procedure thanks to non-vanishing 
background fluxes. 

The two main conditions are the negativity of the Euler number of the 
Calabi-Yau manifold and the presence of at least one del Pezzo 4-cycle (blow-up 
mode) resolving a point-like singularity. Then, all the blow-up modes can be fixed 
at values large with respect to the string scale by the interplay of non-perturbative 
and a' corrections, which stabilise also the overall volume mode exponentially 
large. All the other Kahler moduli, such as those corresponding to fibrations, are 
not fixed by these effects but by the inclusion of string loop corrections, which are 
always dominant with respect to the non-perturbative ones (if they are present). 

The main advantages of LVS are the following: 

1. There is a general analysis on the topological conditions that an arbitrary 
Calabi-Yau has to satisfy to give rise to these models (see Part II of this 



2. All the possible perturbative and non-perturbative corrections play a crucial 
role, which is largely understood (see Part II of this thesis and [107] ): 

3. The tree- level superpotential Wq is not fine-tuned; 

4. The existence of an exponentially large volume, V ^> 1, makes the effective 
field theory treatment robust; 

3 The capitalisation of LARGE is a reminder that the volume is exponentially large, and not 
just large enough to trust the supergravity limit. 




thesis); 
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5. The exponentially large volume allows for a natural explanation of many 
hierarchies we observe in Nature, which come as different powers of V (ex- 
amples are the weak [ST], the QCD axionic [108] and the right-handed 
neutrino mass scale |1U9] ); 

6. There is a two-fold possibility to make contact with experiments via either 
particle phenomenology or cosmology: 

a) Particle Phenomenology: 

• Computation of moduli mass spectroscopy (see Part III of this thesis 
and [SB]); 

• Study of supersymmetry breaking mediation mechanisms (with gravity 
mediation that is leading with respect to anomaly mediation) [88] : 

• Computation of soft terms at M s with flavour universality at leading 
order [mHITTT] : 

• Running of the soft supersymmetry breaking terms down at Mew 
generating sample particle spectra for the LHC [112j . 

b) Cosmology: 

• Derivation of a natural model of inflation, called Fibre Inflation, with 
the prediction of observable gravity waves in the case of K3 fibrations 
by using string loop corrections (see Part III of this thesis); 

• Some moduli, like the overall volume mode or large fibration moduli, 
could form part of dark matter (see [113] and Part III of this thesis); 

• The 511 KeV line coming from the centre of our galaxy could be 
interpreted as due to the decay of the overall volume mode to e + e~. 
The decay of V, and possible large fibration moduli, to photons should 
also give rise to clear new monochromatic lines (see [113] and Part III 
of this thesis); 

• Finite-temperature corrections to the scalar potential set an upper 
bound on the temperature of our Universe, in order not to fall into a 
decompactification limit. This tends to prefer larger values of V of the 
order V ~ 10 15 /^ (see Part III of this thesis). 

The previous considerations would indicate a preferred value for the overall vol- 
ume of the order V ~ 10 15 /f . In fact, in this case, the mass scales of LVS would 
look likfi 

• Planck scale: M P = 2.4 ■ 10 18 GeV, 

4 Assuming non-perturbative stabilisation of the cycle supporting the MSSM. 
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• Majorana scale for right handed neutrinos: M VR ~ ~ 10 14 GeV, 

• String scale: M s ~ ^ ~ 10 10 GeV, 

• QCD axionic scale: f a ~ M s ~ 10 10 GeV 

• Kaluza-Klein scale: M Xi ^ ~ ^ ~ 10 s GeV, 

• Blow-up modes: m Ts ~ m 3 / 2 ln (Mp/m 3 / 2 ) ~ 10 6 GeV, 

• Gravitino mass: 772,3/2 ~ -^f- ~ 10 4 GeV 

• Complex structure moduli: my ~ 777.3/2 ~ 10 4 GeV, 

• Soft supersymmetry breaking terms: M so f t ~ ^7]^~/^ — J ~ 10 3 GeV, 

• Volume modulus: m Tbig ~ ^f/j ~ 1 MeV, 

• Large fibration moduli: m Tfjb ~ Mfg ~ 10 KeV. 

However, if the volume is set such that V ~ 10 15 /f, some shortcomings of these 
models are the following: 

1. Tension between phenomenology and cosmology, given that in the inflation- 
ary scenario mentioned above, it is possible to match the COBE normali- 
sation for density fluctuations only if V ~ 10 4 /^, but in this case we do not 
get TeV-scale supersymmetry anymore. A possible solution to this problem 
has been proposed in |114j . assuming that the overall volume mode is at 
values of the order V ~ 10 4 /^ during inflation but then, when the slow roll 
conditions are not satisfied anymore, it rolls down towards larger values 
of the order V ~ 10 15 /f. However this is a fine-tuned scenario. Another 
possibility would be to improve the Fibre Inflation model (see Part III of 
this thesis) by having the inflaton that just drives inflation but does not 
generate the primordial density fluctuations, which, on the contrary, would 
be generated by another field that plays the role of a curvaton |115j . In this 
case, it is likely that it would be possible to obtain inflation and set, at the 
same time, V ~ 10 15 /^. However, tensor modes would not be observable 
anymore, even though possible large non-gaussianities could be produced 

2. No gauge coupling unification, given that the string scale in this case is 
intermediate, and so ruins the standard picture of the running of all three 
non-gravitational coupling constants which merge around Mqut ~ 10 16 
GeV. It has to be said that, in general, in all the five perturbative string 
theories, it is extremely difficult to derive an explicit string model which is 
able to reproduce the standard picture of gauge coupling unification. 
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3. Cosmological Moduli Problem for the overall volume mode, and possible 
lighter modes, given that these particles would storage energy just after the 
end of inflation, and then, since they are very light, would not decay before 
Big-Bang nucleosynthesis (BBN) or would still be present in our Universe 
nowadays [113j . Therefore they could either destroy the good predictions 
of standard BBN or overdose the Universe. There are two main solutions 
to this problem: dilution of these moduli by the entropy released by the 
non-thermal decay of a heavier modulus which is dominating the energy 
density of the Universe [117[ 1118] , or dilution by a low-energy period of 
thermal inflation [119] . In Part III of this thesis, we shall show that the first 
possibility can never happen in LVS with two Kahler moduli; in addition, 
the study of the thermal potential for closed string moduli revealed that in 
order to study if it can give rise to any period of inflation, one has to go 
beyond the effective field theory. In addition the possibility to have thermal 
inflation in the open string moduli sector has still to be studied. 

Interplay between global and local issues 

Now that we have found and described a global framework such as the LVS, which 
is theoretically robust, model-independent and very promising to make contact 
with experiments, the next step is to try to embed local brane constructions in 
this scenario. The original plan was just to pick from the market one of the best 
intersecting brane realisations of the MSSM and embed it in LVS by wrapping 
these branes around some 4-cycles. For example the cycle supporting the MSSM 
should be a small blow-up cycle, t s , so that the corresponding gauge coupling, 
g 2 = 1/t.s, is not ridiculously small. 

However, the authors of [120J pointed out that the plan of first stabilising the 
moduli without any concern about the local construction, and then embedding 
an intersecting brane realisation of the MSSM, is definitely too naive. In fact, 
they discovered another possible source of problems which is the tension between 
moduli stabilisation and chirality. More precisely, they noticed that the cycle 
supporting the MSSM is likely not to get any non-perturbative correction, in 
order not to give large VEVs to ordinary particles that would break any MSSM 
gauge symmetry at the string scale where this stabilisation would take place. 

Hence they raised the problem of the stabilisation of the MSSM cycle. They 
proposed to use D-terms, without, however, ever managing to fix the MSSM cycle 
at values larger than the string scale where it is possible to trust the effective field 
theory. In Part II of this thesis, we shall propose to use string loop corrections 
to solve this problem in a way very similar to the case of K3 fibrations. In a 
fully realistic model, the D-term contribution to the potential should also be 
included and the combined F- and D-term potential studied. Usually the D- 
term will include, besides the Fayet-Iliopoulos term depending on the moduli, 
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also the charged matter fields. Minimising the .D-term will generically fix one 
of the Standard Model singlets to essentially cancel the Fayet-Iliopoulos term. 
Thus we can foresee a scenario in which the MSSM cycle is fixed by string loop 
corrections, whereas the D-term fixes, not the size of that cycle, but instead the 
VEV of a Standard Model singlet as a function of the moduli. 

As far as supersymmetry breaking is concerned, the gaugino mass terms 
depend just on the F-term of the MSSM cycle. If this cycle is stabilised non- 
perturbatively, there is a \n(M P /m 3 / 2 ) suppression of the soft terms with respect 
to the gravitino mass [121[ 11221 H^H 1124] . On the contrary, it may be likely that 
perturbative stabilisation, as in this case, gives C(m 3 / 2 ) soft terms rather than 
suppressed ones. 

1.3.5 From strings to cosmology 

As we have already mentioned, string theory was born about forty years ago, but 
it still lacks an experimental evidence. However, we are now in an exciting time 
for string phenomenology mainly for two reasons. First that robust, consistent 
and well-defined methods of moduli stabilisation, like the LVS, have been found. 
Secondly, the forthcoming years are expected to be characterised by a new set of 
experimental data coming from two crucial experiments for fundamental physics: 
the PLANCK satellite, which has been launched by the European Space Agency 
in May 2009, and the Large Hadron Collider at CERN in Geneva which will start 
operation soon. 

It is, therefore, time to try to make contact of string theory with our real 
world with the intention of deriving anything which could look like a prediction 
from the theory. In this thesis we shall focus mainly on cosmological implications 
of LARGE Volume Scenarios which will be thoroughly discussed in Part III. The 
main reasons are two. The first one is that the phenomenological implications 
of these scenarios have already been largely studied with the interesting com- 
putation of supersymmetric particle spectra at the TeV scale |112j . The second 
and most important reason is that cosmology is definitely more promising than 
phenomenology in order to find a way to test string theory. In fact, the LHC 
will be able to probe energies which are 13 orders of magnitude lower than the 
Planck scale, whereas the observations of the cosmic microwave background, will 
give us information about inflation, whose scale could be even just two orders of 
magnitude lower than Mp. In addition, as we shall explain in chapter 7, inflation 
is intrinsically ultra-violet dependent, which means that it is strongly coupled to 
the underlying quantum theory of gravity. 



In summary, this thesis is organised as follows. Part I represents a broad 
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introduction to type IIB flux compactifications, paying particular attention to 
the problem of Kahler moduli stabilisation. Then Part II of this thesis will 
present a general analysis of the LARGE Volume Scenario for arbitrary Calabi- 
Yau manifolds, strengthened by a systematic study of the behaviour of string 
loop corrections for type IIB compactifications. In Part III of this thesis we shall 
apply the results of Part II to cosmology discussing a natural model of inflation 
which yields observable gravity waves, and the finite-temperature behaviour of 
the LARGE Volume Scenario. 

The work contained in this thesis is based on the papers [T] (chapter 3 and 
5), [2] (chapter 4 and 6, and appendix A), [3 J (chapter 8 and appendix B), and 
[I] (chapter 9 and appendix C). As indicated in the preface, I am grateful to my 
collaborators Lilia Anguelova, Cliff Burgess, Vincenzo Calo, Joseph Conlon and 
Fernando Quevedo. 

I have a final note on references. I have tried to cite relevant work where 
appropriate, but it is inevitable that there are lapses. As this is a thesis rather 
than a review article, I have focused primarily on my own work and the results 
most directly relevant to it, with the consequence that I have failed to cite many 
interesting and important articles. I apologise in advance to the authors of these 
papers. 



Chapter 2 

Type IIB Flux Compactifications 



In this chapter we shall review the fundamental concepts of type IIB flux com- 
pactifications. In particular, we shall derive the four-dimensional N — 1 effective 
action for Calabi-Yau orientifolds including background fluxes, .D3/-D7-branes 
and 03/07-planes [1251 11261 11271 T128J. Useful review papers extending this dis- 
cussion are [57[ [761 H2SI Q3Q1 USD CE32J fmlfTM] . 

As we have explained in chapter 1, type IIB string theory seems to be, at 
present, the most promising way to connect string theory with particle physics 
and cosmology, due to the presence, within its framework, of viable solutions both 
to stabilise the moduli and to build local Standard Model-like constructions. 

Assuming the space-time to be a product of the form M 3 ' 1 x X, where X is 
a Calabi-Yau three-fold, one obtains an N = 2 theory in four dimensions. Then 
taking Calabi-Yau orientifolds, the number of supersymmetries can be reduced 
from N = 2 to N = 1. The Standard Model, or any of its possible generalisa- 
tions, lives on a stack of space-time filling .D-branes in the bulk, so realising the 
so-called 'brane- world scenario'. The N = 1 supersymmetry can then be spon- 
taneously broken by additionally turning on background fluxes in the orientifold 
bulk, which render the compactification manifold conformally Calabi-Yau. The 
internal fluxes also generate a potential that freezes all the scalar fields except 
the Kahler moduli. Hence additional perturbative and non-perturbative effects 
have to be employed in order to fix all the moduli and construct a ground state. 
This aspect is particular important if one attempts to construct de-Sitter vacua 
with a small cosmological constant. 

We focus here on the computation of the four- dimensional effective ac- 
tion, S e ff, which can be reconstructed, without any approximation, from the 
calculation of string scattering amplitudes |135[ I136j . However, this approach is 
extremely complicated, because, in order to compute the scattering amplitudes, 
one has to perturb around a string vacuum where the underlying conformal field 
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theory correlation functions are known. Therefore, we shall take a less ambitious 
approach, which is valid only in the region where the volume of X is much bigger 
than the string length, and is based on the traditional Kaluza-Klein reduction 
of the ten-dimensional action, consisting of the type II bulk supergravity action 
plus the Dirac-Born-Infeld and Chern-Simons actions governing the dynamics of 
D-branes. 

More precisely, in section 2.1 we describe the basic topological properties 
of Calabi-Yau manifolds. In section 2.2 we then discuss Calabi-Yau compactifi- 
cations of type IIB string theory that lead to N = 2 theories in four dimensions. 
In section 2.3 we obtain N = 1 compactifications focusing on Calabi-Yau ori- 
entifolds, and we show how, in the absence of internal fluxes, the potential for 
all the moduli is exactly vanishing. In section 2.4, we then discuss background 
fluxes, which can be turned on due to the presence of local sources like Z)-branes, 
whose effective action is presented in section 2.5. Finally, in section 2.6 we show 
how it is possible to fix some moduli via the flux-generated potential. 



2.1 Calabi-Yau manifolds 

Before presenting the effective action for type IIB compactifications, let us briefly 
review the basic topological properties of Calabi-Yau manifolds [581, P a y m S P ar ~ 
ticular attention to their moduli spaces and to their characteristic mirror sym- 
metry. 

2.1.1 Basic features 

Given that we start with a supersymmetric ten-dimensional theory and we want 
to perform a compactification to four dimensions assuming a space-time of the 
form M 3,1 x X, the first question to ask is how to work out the number of super- 
symmetries of the effective four-dimensional theory. This can be done by looking 
at the decomposition of the spinor representation of the ten-dimensional Lorentz 
group, and then counting the number of singlets under the structure group of the 
compactification manifolds. These singlets correspond to covariantly constant 
Killing spinors, and their number gives the number of supersymmetries in the 
effective four-dimensional theory. 

For a general compactification manifold X, the ten-dimensional Lorentz 
group 50(1,9) decomposes into: 

50(1, 9) — ► 50(1, 3) x SO{Q). (2.1) 

The corresponding decomposition of the spinor representation 16 G 50(1,9) 
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looks like: 

16 — (2,4)0(2,4), (2.2) 

where 4 and 4 are Weyl spinors of 50(6) conjugate to each other, while 2 and 2 
are the usual Weyl spinors of 5*0(1, 3) transforming under SL(2, C). Due to the 
absence of any singlet under 5*0(6), this compactification is non-supersymmetric. 

In order to preserve some supersymmetry, one has to choose a particular 
compactification manifold X with a reduced structure group SU(3) C 50(6) = 
£77(4). This implies the following further decomposition of the 4 e 50(6) = 
£77(4) under SU{3): 

4 — >3©1. (2.3) 

We see that now we have obtained a singlet, which is a nowhere vanishing and 
globally well defined invariant spinor, that we shall call rj. Requiring that rj is 
also covariantly constant with respect to the Levi-Civita connection, we obtain 
a Killing spinor. The geometrical meaning of this requirement is that SU(3) is 
also the holonomy group of X. Hence starting from a, N = 1 theory in D = 10 
dimensions, and then compactifying on a six-dimensional manifold with SU(3) 
holonomy, one obtains a N = 1 theory in four dimensions. Now that we un- 
derstood how to count the number of supersymmetries in four dimensions, it is 
straightforward to realise that a compactification manifold with £77(2) holonomy 
gives N = 2 supersymmetries in four dimensions. This is because the 4 e 50(6) 
decomposes under £77(2) as: 

4 — >2©1©1, (2.4) 

giving rise to two covariantly constant spinors. Similarly compactifications on a 
flat torus T 6 , would lead to N = 4 supersymmetries in four dimensions. 

Given that we shall be interested in compactification manifolds that pre- 
serve the minimal amount of supersymmetry in four dimensions, we focus on the 
case of manifolds X with SU (3) holonomy group. Moreover, it turns out that 
these spaces are Ricci-flat Kahler manifolds, corresponding to the famous case 
of Calabi-Yau manifolds. Writing the complex dimension of the Calabi-Yau as 
dimc(X) = n, there is an enormous number of examples for n > 3 with SU(n) 
holonomy, while there is just one example for n — 1, the torus T 2 with £77(1) 
holonomy, and one example for n — 2, the K3 complex surface with £77(2) holon- 
omy. 

The fact that X is Kahler and Ricci-flat is equivalent to the presence of a 
globally defined (1, l)-form J and a complex holomorphic (3, 0)-form Q, which 
are both closed. In our case, these two forms can be built from the Killing spinor 

7] as: 

rf ±1 mn r) ± = ±-J mn , r)l-f mnp r) + = -n mnp , ?i7 mn V = ±-Q mnp , (2.5) 
2 2 2 
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where rj± denotes the two chiralities of the spinor normalised as r]±r}± = 1/2. 
In addition, the -y mi - m p = ^["u^" 12 .. ^m p ] are an ti_symmetrised products of six- 
dimensional 7-matrices. Using appropriate Fierz identities, one can show that 
with this normalisation for the spinors, J and Q are not independent but satisfy: 

3i 

JAJAJ=—QAQ, JAQ = 0. (2.6) 

For a fixed metric and complex structure, J is a closed (1, l)-form while Q is 
a closed (3,0)-form, ensuring that the compactification manifold with SU(3) 
holonomy structure is indeed a Calabi-Yau three-fold. 

In order now to work out the particle spectrum in four dimensions, one has 
to study the splitting of the ten-dimensional equations of motion in a compactified 
space-time background of the form M 3 ' 1 x X. In the simplest case of a scalar field 
0, one obtains: 

A 1O = (A 4 + A 6 ) (f> = (A 4 + m 2 ) <p = 0, (2.7) 

where the second equation assumed that is an eigenfunction of the internal, six- 
dimensional Laplace operator A 6 = m 2 0. This result implies that the massless 
modes of the D = 4 theory correspond to harmonic forms on X, which are defined 
as the zero modes of A 6 . More in general, not just the zero modes of the scalar 
fields, but also all the zero modes arising from the other massless ten-dimensional 
fields correspond to harmonic forms on X. 

The beautiful property of Calabi-Yau three-folds, which allows us to de- 
rive the main features of the low-energy effective field theory from the topology 
of the compactification manifold, is that the harmonic forms on X are in one- 
to-one correspondence with the elements of the Dolbeault cohomology groups 
Hp^(X). The elements of the H Ptq (X) are defined as the set of closed (p,q)- 
forms quotiented out by the set of exact (p, g)-forms, where (p, q) is denoting 
the number of holomorphic and anti-holomorphic differentials of the harmonic 
forms. Important quantities for the effective field theory, are the Hodge numbers 
h Pi q = dim (H Pj q(X)), which, for a Calabi-Yau three-fold, satisfy: 

^0,1 — ^0,2 = h\,3 — h-2,3 — ^3,2 = ^3,1 = ^2,0 = ^1,0 = 0, 
^0,0 = ^0,3 = ^3,3 = ^3,0 = 1, hl,2 = ^2,1, ^1,1 = ^2,2- 

We stress that the only non-trivial Hodge numbers are h± t i and h 12 - A more 
conventional way to list the Hodge numbers, is to arrange them in the so-called 
Hodge diamond, since it renders all the possible symmetries manifest: 

ho,o 1 





hi,o 




ho,i 














h2,0 




hi,i 




ho,2 














h 2 ,i 




h,2 


h ,3 = 


1 


hi,2 




hi,2 


h,i 


h 3 ,2 


h2,2 


h 2 ,3 










hi,i 








^3,0 h 2 ,i h 1>2 h 0t3 = 1 h 1>2 h h2 1 (2.8) 



h 



3,3 
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This Hodge diamond has three symmetries which are the complex conjugation (re- 
flection about the central vertical axis), the Hodge-* duality, also called Poincare 
duality (reflection about the central horizontal axis), and the mirror symmetry 
[12"] (reflection about the central diagonal axis) which we shall discuss in subsec- 
tion 2.1.3. 

We point out that there are particular deformations of the Calabi-Yau met- 
ric which do not disturb the Calabi-Yau condition. These deformations of the 
metric correspond to scalar fields in the low energy effective action, which are 
called moduli. They can be viewed as the coordinates of the geometrical moduli 
space of the Calabi-Yau manifold |137[ 1138] , parameterising the shape and size 
of the three-fold. Let us briefly review some properties of this moduli space in 
the next subsection. 



2.1.2 Moduli space 

As we have seen in the previous section, a Calabi-Yau three-fold is a Ricci- 
flat Kahler manifold with SU(3) holonomy. This implies that its metric g m n, 
m,n = 1, ...,3, satisfies R m n(g) — 0. We shall now focus on deformations of the 
metric Sg that preserve Ricci-flatness: R m n{.g + 8g) = 0. Given that we are not 
interested in changes of coordinates, we need to eliminate them by fixing the 
diffeomorphism invariance. This can be done through the following gauge-fixing 
choice: 

V(5g) = (2.9) 

In the case of Kahler manifolds, it turns out from (I2.9P that the conditions on 
5g mn and Sg mn decouple and can be studied separately: 

• Sgmn- In this case ( 12 .9p becomes: 

A5g mfi = 0, (2.10) 

implying that 5g mn has to be a harmonic (1, l)-form. Therefore it can be 
expanded in a basis of Hi t i(X), formed by harmonic (1, l)-forms Df 

5g mn = if{Di) mn , i = 1, (2.11) 

where the t % are called Kahler moduli since these deformations correspond 
to cohomologically non-trivial changes of the Kahler form, defined as: 

J = —ig m ndy m A dy n . (2.12) 

In order to make sure that the t l are such that the new metric g + 5g is still 
positive definite, we impose: 

/J>0, JAJ>0, J AJ AJ > 0, (2.13) 

Jc Js J X 
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for all complex curves C and surfaces S on the Calabi-Yau X. The con- 
ditions (I2.13P imply that the subset of W 11 ' 1 spanned by the parameters 
t l is a cone, called the Kahler cone, or the Kahler moduli space. How- 
ever, this moduli space is usually complexified, due to the fact that the 
Kahler- form J is complexified as J c = J + iB 2 , where B2 is the Neveu- 
Schwarz/Neveu-Schwarz two-form of type II string theories. This, in turn, 
introduces complex Kahler deformations v 1 which arise as the expansion of 

Jc- 

Jc = J + t B 2 = v if) h i). e H 1A (X). (2.14) 

The complex moduli space spanned by the coordinates v\ denoted as x , 
is a special Kahler manifold, which means that it admits a Kahler metric 
whose classical Kahler potential is entirely determined by a holomorphic 
prepotential F(v): 

K K = -\n (k ijk tH j t k ) , F(v) = k.^c'c'cK (2.15) 

where are topological intersection numbers: 

hjk = [ A A Dj A t) k . (2.16) 
Jx 



• 8g mri : In this case ( 12. 9 p becomes: 

A6g mn = 0, (2.17) 

implying that 5g mn is a harmonic (2, 0)-form. However, 5g mn cannot be 
expanded in a basis of (2, 0)-forms since /i2,o — for a Calabi-Yau. Hence we 
put H 2 fi(X) in one-to-one correspondence to H\p(X) via the fundamental 
holomorphic (3, 0)-form Q in the following way: 

SQmn = j^U a {Xa) mm K\ a = 1, h h2 , (2.18) 

where Xa denotes a basis of Hi j2 (X) and we abbreviate ||fi|| 2 = Vt mnp VL mnp / ?>\ . 
The complex scalar parameters U a are called complex structure moduli. 
The reason is that for the new metric to be Kahler, there must be a coor- 
dinate system in which it has only mixed components (since for a Kahler 
manifold g mn = 0). Then, given that holomorphic coordinate transfor- 
mations do not change the index structure, it is clear that Sg mn can only 
be removed by a non-holomorphic coordinate transformation. Thus Sg mn 
corresponds to a deformation of the complex structure. 

As in the case of the Kahler moduli, the parameters U a span a subset of 
C hl ' 2 called the complex structure moduli space M.^ ■ This space is also a 
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special Kahler manifold, with a tree- level Kahler potential given by |138j : 

9al = ^fp, K cs = - In (-i n A fl) = - In [< (Z»^ a - . 

(2-19) 

The second form of K cs is obtained from the expansion of Q: 

Q(U) = Z a (U)a a - F a {U)f3 a , (2.20) 
where (a a ,/3 a ) is a real, symplectic basis of H 3 (X) satisfying: 

[ a a A(3 b = 5 b a , [ a a Aa b = 0= [ f3 a A (3 b . (2.21) 
Jx Jx Jx 

Both Z a (U) and J-" a {U) are holomorphic functions of the [/-moduli and 
furthermore J- a {U) = dz*J-{Z(U)) is the derivative of a holomorphic pre- 
potential F{Z{U))). 

At tree-level, the total moduli space M. factorises and takes the form of a direct 
product: 

M = M c h s 12 xMl A . (2.22) 

We finally stress that these metric deformations which give rise to moduli, are 
then seen in the four dimensional effective theory as massless scalar fields. Giving 
them a mass via the generation of a scalar potential for these fields, corresponds 
to fixing the size and the shape of the Calabi-Yau three-fold. 



2.1.3 Mirror symmetry 

As we have seen in section 2.1.1, the Hodge diamond (j2.8p is introduced because 
it highlights all the symmetries of Calabi-Yau manifolds. Two of them, Poincare 
duality and complex conjugation, have been rigorously established whereas the 
last one, mirror symmetry (32] , has been established only on a subspace of Calabi- 
Yau manifolds. Therefore, strictly speaking, mirror symmetry is still a conjecture 
about a not yet rigorously defined space of Calabi-Yau three-folds, which was 
deduced from scatter plots of the Hodge numbers of known Calabi-Yaus [H] • 

In terms of the Hodge diamond (12. 8p . mirror symmetry corresponds to 
a reflection about the diagonal axis, or, in other words, the third cohomology 
H 3 = #3,0© #2,1© H 1>2 ® H 03 is interchanged with the even cohomologies H even = 
#o,o © #1,1 © #2,2 © #3,3- This means that for 'every' Calabi-Yau X there exists 
a mirror manifold X with reversed Hodge numbers: 



hi,i{X) = h lt2 (X), h 1>2 (X) = h,i(X). (2.23) 
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Therefore mirror symmetry exchanges also Kahler with complex structure moduli, 
as well as their complexified moduli spaces: 

M%JX) = M%JX), -ML(X) = M% 2 (X). (2.24) 

This, in turn, means that the underlying prepotentials are identical: 

F{X) = F(X), F(X) = F(X). (2.25) 

When one considers type II string theories compactified on Calabi-Yau three- 
folds, mirror symmetry manifests itself has the famous T-duality, which relates 
type IIA with type IIB in a mirror symmetric background. In other words, the 
following equivalence holds: 

IIA in background R 3 ' 1 x X = IIB in background R 3 ' 1 x X. (2.26) 

We immediately realise that mirror symmetry is enormously useful to compute 
the effective action of string compactifications. In fact, if one focuses on type 
IIB compactifications, as we shall do in the next sections, the properties of the 
dual type IIA compactification can be easily deduced considering the appropriate 
mirror Calabi-Yau three-fold. 



2.2 N = 2 type IIB compactifications 

In this section, we shall present Calabi-Yau compactifications of type IIB string 
theory (139} I140[ 1141] . Since the ten dimensional theory has N = 2 super- 
symmetries (or 32 supercharges), these compactifications will preserve N = 2 
supersymmetries (or 8 supercharges) in D = 4. Thus the low energy effective 
action is an N = 2 supergravity coupled to vector-, hyper- and tensor multiplets. 

2.2.1 The spectrum 

We start by compactifying type IIB string theory on a Calabi-Yau three-fold X, 
so that the background is of the form R 3 ' 1 x X, and the ten-dimensional metric 
is block-diagonal: 

ds 2 = g^dx^dx" + g m ndy m dy n ) (2.27) 

where g^ u , with /i, v = 0, 3, is the Minkowski metric, while g mfl is the Calabi- 
Yau metric. 

The second step is to consider the low-energy limit below M s , focusing only 
on the massless bosonic degrees of freedom, which are (with the hats denoting 
ten-dimensional fields) [391 SO] : 
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• Neveu-Schwarz/Neveu-Schwarz (NS-NS) sector: the metric g, a two-form 
B 2 , and the dilaton <fi; 

• Ramond/Ramond (RR) sector: a four-form (%, a two-form (%, and the 
axionic zero-form Co- 

Using the notation of differential forms, the type IIB ten dimensional effective 
action in Einstein frame takes the form [4"0] : 

S , S°/ ) = - I Qi? * 1 + i# A *4 + -e-ff/a A *# 3 ^) (2.28) 

e 2 ^(% A + e^F 3 A *F 3 + A *F 5 ^j - i ^ C 4 A H 3 A F 3 , 

where * denotes the Hodge-* operator and the field strengths are defined as: 
H 3 = dB 2 , F 3 = dC 2 — CodB 2 

F 5 = dC 4 -^dB 2 AC 2 + ^B 2 AdC 2 . (2.29) 

The five-form field strength F 5 additionally satisfies the self-duality condition 
F 5 = *_F 5 , which is imposed by hand at the level of the equations of motion. 

According to the traditional mechanism of Kaluza-Klein reduction, the four- 
dimensional spectrum is obtained by expanding all ten-dimensional fields into 
eigenforms forms on X, and then keeping only the zero modes. The reduction 
of the ten-dimensional metric yields a four- dimensional metric tensor g^, a one- 
form V°, which is usually called 'gravi-photon', and then hi t i Kahler and hi >2 
complex structure moduli, as already obtained in (12.111) and f )2.18p . respectively. 
All the other type IIB ten dimensional bosonic fields, appearing in the Lagrangian 
(I2.28p . are similarly expanded in terms of harmonic forms on X according to (the 
absence of hats is denoting four- dimensional fields): 

• NS-NS sector: 

4> = (f>(x), B 2 = B 2 (x) + b l (x)Di, i = l,...,hi,x, (2.30) 

where the L>i are a basis of harmonic (1, l)-forms of Hi i(X). The four- 
dimensional fields 4>(x) and b l (x) are scalars, whereas B 2 (x) is a two- form. 

• RR sector: 

C = C (x), C 2 = C 2 {x) + c i {x)D i , i = l,...,h 1A (2.31) 
Ci = Qi(x) A L>i + V a (x) Aa„- V a (x) A (3 a + pi(x)D\ a = 1, h h2 , 

where the Di are a basis of harmonic (2,2)-forms of H 2}2 (X), dual to the 
(1, l)-forms L>i, while (a a , (3 a ) is the symplectic basis of H 3 (X) introduced 
in (12.211) . The four- dimensional fields C*o(x), c*(x) and p l (x) are scalars, 
V a (x) and V a (x) are one-forms, whereas C 2 (x) and Q 2 (x) are two- forms. 
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The self-duality condition of F§ eliminates half of the degrees of freedom in 
C*4, and one conventionally chooses to eliminate Q\ and V a in favour of pi and V a . 
Altogether these fields assemble into N = 2 multiplets which are summarised in 
table 5. 





number 


bosonic field components 


gravity multiplet 


1 




vector multiplet 


hi,2 


iy a } u a ) 


hypermultiplet 




{t\b\c\ Pi ) 


double-tensor multiplet 


1 


(B 2 ,C 2 ,<t>, C ) 



Table 5: N = 2 multiplets of type IIB Calabi-Yau compactifications. 



We finally note that the two antisymmetric tensors B 2 and C 2 can be dualised 
to scalar fields, so that the double-tensor multiplet can be treated as an extra 
hypermultiplet. 

2.2.2 Tree- level effective action 

The tree-level four dimensional low energy effective action can be expressed in the 
standard N = 2 supergravity form |142] by inserting (I2.29p . (12.301) and (I2.3ip into 
the action (12.281) . Then integrating over the Calabi-Yau manifold and performing 
an appropriate Weyl rescaling, one ends up with: 

S%$ = - J^R*l-hle(M ab )F a AF b -hm(M ab )F a A*F b 

+g a ldU a A *dU~ b + hudq 1 A *dq J , (2.32) 

where F a = dV a , and the M.(U) are gauge kinetic functions which can be ex- 
pressed in terms of the holomorphic prepotential F{U). In addition, g a i is the 
special Kahler metric introduced in (12.191) . whereas hjj is the metric on the 
space of the 4(/ii ; i + 1) moduli, collectively denoted as q 1 , which are the scalar 
components of the hypermultiplets present in the theory. 

The total moduli space of the N = 2 theory, at tree-level, factorises in the 
product of the complex structure moduli space A4^ , which is a special Kahler 
manifold spanned by the scalars U a in the vector multiplets, and the space of 
all the other moduli M 2 ( hl which is a quaternionic manifold spanned by the 
scalars q 1 in the hypermultiplets: 

M = M^,xM^ 1+1) . (2.33) 

The N = 2 moduli space M. of (12.331) contains the geometrical moduli space 
(I2.22p as a submanifold, and it is entirely determined by the two prepotentials 
T(U) and F(v), both of which are exactly known due to mirror symmetry. 
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2.3 N = 1 type IIB compact ificat ions 

The phenomenologically interesting compactifications are those preserving N — 1 
super symmetry, while, as we have seen, Calabi-Yau compactifications of ten di- 
mensional type IIB string theory lead to N = 2 supersymmetries. However, 
this N = 2 can be further broken to iV = 1 by introducing an appropriate 
orientifold projection [1431 1144] . Type IIB compactifications on Calabi-Yau ori- 
entifolds [THl 11251 11261 11271 1128] are typically characterised by the presence of 
non-trivial background fluxes and localised sources like Z)-branes. In this sec- 
tion, we shall mainly concentrate on the truncation of the N = 2 four- dimensional 
spectrum due to the orientifolding and the consequent modification of the super- 
gravity bulk effective action, ignoring the study of internal fluxes and localised 
sources, which will be analysed in detail in section 2.4 and 2.5, respectively. 

2.3.1 Orientifold projection 

A four dimensional N = 1 type IIB orientifold is obtained from an N = 2 Calabi- 
Yau compactification by gauging a discrete symmetry of the form |143[ 1144] : 



with e = 0, 1. Employing common notation, fi p denotes world-sheet parity, which 
gives an orientation reversal of the string world-sheet, Fi is the left moving 
fermion number and a : X — > X is an isometric and holomorphic involution of 
the Calabi-Yau X. We stress that a is an 'internal' symmetry, in the sense that 
it acts solely on X, but leaves the D = 4 Minkowskian space-time untouched. In 
addition, the action of a on the fundamental forms of the Calabi-Yau, J and Q, 
is given by the pull-back a* which satisfies: 



Depending on the value of e, there are two classes of models to consider: 

1. e = 0: theories with 05/09 orientifold planes, in which the fixed point set 
of a is either one or three complex dimensional; 

2. e = 1: theories with 03/07-planes, with a leaving invariant zero or two 
complex dimensional submanifolds of X. 

From now on, we shall focus on the case e = 1 corresponding to the presence 
of 03/07-planes, and compute the four-dimensional N = 1 spectrum and the 
low-energy effective action, which can be expressed in terms of geometrical and 
topological quantities of the orientifold. 



(2.34) 



a*J=J and a*Q = (-l) e Q. 



(2.35) 
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Before doing that, let us mention that harmonic (p, c/)-forms are either even 
or odd eigenstates of cr* due to the fact that cr is a holomorphic involution. 
Therefore, the cohomology groups H p q split into two eigenspaces under the action 
of a*: 

H Piq = H+ q © H~ q , (2.36) 

where has dimension h+ q and denotes the even eigenspace of cr*, while H~ 
has dimension h~ and denotes the odd eigenspace of cr*. Moreover, the con- 
straints on the Hodge numbers can be found as follows: 

since the Hodge ^-operator commutes with a*, because a pre- 
serves the orientation and the metric of the Calabi-Yau manifold; 

• ^21 = ^12 due ^° the holomorphicity of a; 

• ^3~o = ^o~3 = an d ^3~o = ^-0 3 = 1 due ^° the property a*Q = —Q; 

• ^oo = ^3 3 = 1 an d ^oo = ^3 3 = since the volume-form, which is propor- 
tional to Q A 0, is invariant under cr*. 



2.3.2 The spectrum 

The orientifold projection (12.341) truncates the N = 2 spectrum and reassembles 
the surviving fields in N = 1 multiplets [1251 1144] . In fact, the four- dimensional 
spectrum is found by using the Kaluza-Klein expansion given in (12. lip . (I2.18p . 
(I2.30p and (I2.3ip . but keeping only the fields which are left invariant by the 
orientifold action. 

Since a is a holomorphic isometry, it leaves both the metric and the complex 
structure, and thus also the Kahler form J, invariant. As a consequence only h1[ 1 
Kahler deformations t l+ remain in the spectrum arising from: 

J = t i +(x)D i+ , i+ = 1, hi !, (2.37) 

where D i+ denotes a basis of H^. Similarly, from (12.181) . one sees that the 
invariance of the metric together with a*Q = —Q, implies that the complex 
structure deformations kept in the spectrum, correspond to elements in H^ 2 . 
Hence the expansion (12.181) is replaced by: 

S9mn = y^ip^" (Xa_) mM fif, a_ = 1, h^, (2.38) 

where Xa_ denotes a basis of H^ 2 . 

The behaviour of all the other ten-dimensional type IIB bosonic fields under 
the world sheet parity transformation Q p and the 'space-time fermion number' 
operator in the left moving sector (— 1) Fl , are summarised in table 6. 
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Op 


(-D Fl 


(-l) FL Q n 


9 


+ 


+ 


+ 


4> 


+ 


+ 


+ 


B 2 




+ 




Co 






+ 


c 2 


+ 






c 4 






+ 



Table 6: Transformation properties under fl p and (— 1) Fl of the D = 10 type 

IIB bosonic fields. 

The results of table 6 imply that the invariant states have to obey: 

a*g = g, a*4> = <j>, a*B 2 = -B 2 , 
<7*Co = Co, u*C 2 = —C 2 , a*Ci = C4, (2.39) 

and so the expansions (12.301) and (12.311) are replaced by: 

• NS-NS sector: 

<j> = <j>(x), B 2 = b l -(x)Di_, i_ = 1, 

where _Dj_ is a basis of H^ l . We see immediately that remains in the spec- 
trum, while in the expansion of B 2 only odd elements survive. In addition, 
note that the D = 4 two-form B 2 present in the N = 2 compactification 
(see (12.301) ) has been projected out, and in the expansion of B 2 only scalar 
fields appear. 

• RR sector: 

C = C (x), C 2 = c i -{x)D i _, ^ = 1,...,^! (2.40) 
C 4 = Qi + (x) AD i+ + V a+ (x) Aa a+ (2.41) 
-V a+ (x) M3 a + +p l+ {x)D l \ a + = l,...,ht >2 , 

where D l+ is a basis of which is dual to D i+ , and (a a+ ,/5 a+ ) is a real, 
symplectic basis of H% = H^ 2 @ H^i- We see immediately that C remains 

in the spectrum, and in the expansion C 2 only odd elements survive, while 
for C*4 only even elements are kept. In addition, note that the D = 4 
two-form C 2 present in the N = 2 compactification (see (12.311) ) has been 
projected out, and in the expansion of C 2 only scalar fields appear. 

The self-duality condition of F 5 eliminates half of the degrees of freedom in C4, 
and one conventionally chooses to eliminate Q\ + and V a+ in favour of pi + and 
V a+ . Altogether these fields assemble into N — 1 multiplets as summarised in 
table 7 [125J. As we have already mentioned, we can replace of the chiral 
multiplets by linear multiplets. 
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number 


field components 


gravity multiplet 


1 




vector multiplet 


ht,2 


v a + 


chiral multiplet 


h l,2 




chiral multiplet 


1 


(0,C O ) 


chiral multiplet 




(6*-,^-) 


chiral-linear multiplet 




(t l+ ,Pi + ) 



Table 7: N = 1 spectrum of 03/07-orientifold compactifications. 

Compared to the N = 2 spectrum of the Calabi-Yau compactification given in 
table 5, we see that the gravi-photon V° 'left' the gravitational multiplet, while 
the h\ t 2 N = 2 vector multiplets decomposed into hf 2 N = 1 vector multiplets 
plus 2 chiral multiplets. Furthermore, the hi t x + 1 hypermultiplets lost half of 
their physical degrees of freedom and got reduced into h%,\ + 1 chiral multiplets. 



2.3.3 Tree- level effective action 

The low energy effective action for orientifold compactifications, can be obtained 
from the N = 2 action (12.321) by imposing the truncation discussed before. The 
resulting N = 1 low-energy four-dimensional action can then be displayed in 
the standard supergravity form |142j . where it is expressed in terms of a Kahler 
potential, K, a holomorphic superpotential, W, and a holomorphic gauge-kinetic 
function, f a b, where the indices a, b run over the various vector multiplets: 

S (4D) = - J + A*D^ J + ^Re(f ab )F a A*F b + hm(f ab )F a AF b + V. 

(2.42) 

Here F a = dV a and the $ 7 collectively denote all complex scalars in the theory. 
The N = 1 F-term supergravity scalar potential is given in terms of K and W 
(in four- dimensional Planck units) by: 

V F = e K (k iJ D t WDjW - 3\W\ 2 ^j , (2.43) 

where K IJ is the inverse of the Kahler metric Kjj = djdjK(^, $) and the defi- 
nition of the Kahler covariant derivative DiW is: 

D,W = djW + WdjK, 

DjW = djW + WdjK. { > 

On the other hand, the D-term scalar potential reads (denoting with T a the gauge 
group generators): 



V D = ^(Ref)~ lab D a D b , D a 



Wi 

Ki + — 
W 



(T a ) u $j. (2.45) 



2.3. N = 1 TYPE IIB COMPACTIFICATIONS 



63 



Exactly as in N = 2, the variables which appear naturally in the Kaluza-Klein 
reduction are not necessarily the right variables to put the effective action into 
the form (12.421) . Instead one again has to find the correct complex structure on 
the space of scalar fields. It turns out that the complex structure deformations 
U are good Kahler coordinates since they are the coordinates of a special Kahler 
manifold already in iV = 2. For the remaining fields the definition of the Kahler 
coordinates is not so obvious. For 03/07-planes one finds: 

1. Axio-dilaton: S = - iCfl 

2. Two-form moduli: G*- = &~ - iSb 1 - , z_ = 1, h^ x {X)\ 

3. Complex structure moduli: U a - , a_ = 1, h X 2 (X); 

4. Kahler moduli (i + = 1, h^X)) [TM\\m\: 

T i+ = n + - l +E k i+j _ k _&- (G -G) k -+ i Pi+ , (2.46) 

where Tj + is an implicit function of the t, + and: 

k l+j _ k _ = [ D i+ A Dj_ A D k _. (2.47) 
Jx 



In what follows, we shall focus on orientifold projections such that h xl = =>- 
hi i = hi i. Hence all the two-form moduli b l ~ and c l ~ are projected out. In 
addition, the expression f)2.46p . simplifies to (where we have redefined pi = hi for 
later convenience): 

T i = n + ib i , i = l,...,hi A (X). (2.48) 

The real part of the Kahler moduli Tj can be related to the initial quantities t l 
as follows. Expanding the Kahler form J in a basis {Di} of H l,1 (X,7*) as: 

hi,i 

J = ^t l A, (2.49) 
i=i 

the Calabi-Yau volume V, measured with an Einstein frame metric g® = e _v>//2 g*„ 
and in units of l s = 27ry / «', is given by: 

V = l - j J A J A J = l -k l]k tHH\ (2.50) 
x 



Sometimes the alternative definition r = iS — Co + ie ^ is used. 
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where t l are 2-cycle volumes and kijk are the triple intersection numbers of X: 

k ijk = J A A Dj A D k . (2.51) 

x 

Then Tj turns out to be the Einstein-frame volume (in units of l s ) of the divisor 
Di G H^X, Z), which is the Poincare dual to Di. Its axionic partner b{ is the 
component of the RR 4-form C 4 along this cycle: f D C 4 = &j. The 4-cycle 
volumes Tj are related to the 2-cycle volumes t l by: 

<9V 1 /■ A . , . , 1, , fe 



r t = — = - D i AJAJ= -k ljk tH\ (2.52) 



Introducing now the following notation: 



= = I Di A Dj A J = k ijk t\ (2.53) 



A' 



some useful relations that we will use subsequently are: 



t L n = 3V, 

AijP = 2r,, (2.54) 



AijtfP = 6V. 



To leading order in the string-loop and a' expansions, the resulting low- 
energy tree-level Kahler potential K tree has the form: 



tree 



M 2 P 



-2 In [V(T + T)] - In (S + S) - In f-i ^ 



fi(Z7) A fi(tf) , (2.55) 



where f2 is the Calabi-Yau holomorphic (3,0)-form that depends implicitly on 
the [/-moduli, whereas the internal volume V depends implicitly on the real part 
of the T-moduli. The Kahler potential (I2.55P is again block diagonal, so that 
complex structure deformations U do not mix with the other scalars. Thus, the 
moduli space has the form: 

M=M c h s - 2 xMl 1+1 , (2.56) 
where each factor is a Kahler manifold and Ai c L s - is even a special Kahler mani- 

h l,2 

fold. 

We point out that K tree can be expressed as function of Tj by solving the 
equations f)2.52p for the t as functions of the Tj = |(T, + Tj), and substituting 
the result into (]2.55j) . using (12.501) to evaluate V. We point out that this inversion 
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cannot be done for a general Calabi-Yau, but the f can be explicitly expressed 
as functions of the Tj only in some simple specific cases. 

However, in the dual picture, where instead of the scalars p i+ , in the ex- 
pansion (I2.40p . one keeps the two- forms Q 1 ^ , the Kahler deformations t l+ are 
the lowest components of linear multiplets containing as bosonic components 

(t l+ ,Q l 2^. In this case one can give explicitly the metric for the linear multi- 
plets, and the somewhat involved definition of Tj + in (12.461) can be understood as 
the superspace relation which expresses the dualisation between chiral and linear 
multiplets [T251[T43] . 

In the absence of internal fluxes, the tree-level superpotential is vanishing 
and no D-terms are induced. Thus, as can be seen from the expression f)2.43p . no 
scalar potential is generated for any of the moduli, which, therefore, correspond 
to exactly flat directions. This is the reason why these fields are called moduli. 
However, given that the values of S and the complex structure moduli U, can 
become fixed once background fluxes are turned on, we shall now discuss in depth 
the role played by internal fluxes in section 2.4. 



2.4 Background fluxes 

As we have seen in section [5331 a h the four dimensional scalar components of the 
chiral multiplets, which arise in type IIB Calabi-Yau orientifold compactifications 
with 03/07 planes, have a completely flat potential. This is due to the fact that 
the tree-level superpotential is vanishing. We shall see in this section that Wtree 
can indeed be generated by turning on background fluxes [761 H25[ I146j . In turn, 
a scalar potential is generated for the axio-dilaton and the complex structure 
moduli, which therefore get stabilised. However, we shall see that, due to the 
no-scale structure, the Kahler moduli cannot be fixed by the internal fluxes, but 
by the interplay of several corrections beyond the leading order approximations, 
which will be studied in chapter [31 



2.4.1 Type IIB fluxes 

The definition of the flux of an arbitrary p-form field strength F p through ap-cycle 
7p in X, is nothing but the straightforward generalisation of the electromagnetic 
flux: 



f F p = m^o. 



(2.57) 
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A more geometrical meaning of the concept of fluxes, can be understood by 
expanding F p in terms of harmonic forms u p with: 

F p =< F p , u p > u p , cu p G H P (X), (2.58) 

where with < F p , u l p > we have denoted the projection of F p along the space 
generated by the base element uf. From Poincare duality, it turns out that: 



<F p ,co p >= / F p , F p = n i Lj p . (2.59) 

where the p-cycles 7^ are Poincare dual to the p-forms u p . The equation of motion 
and the Bianchi identity, dF p = = dJF p , require the background fluxes n,i to be 
constant. Moreover, these constants have to be integers, since in string theory 
they are quantised due to a Dirac quantisation condition of the form [76] : 

Fp = m G Z. (2.60) 

% ex 



2rra' 



However in the low energy/large volume approximation we are considering here, 
they appear as continuous parameters which deform the low energy supergrav- 
ity. The presence of background fluxes leads to two crucial consequences. The 
first one is that they provide a source of potential energy that partially lifts 
the vacuum degeneracy of string theory, while the second important application 
is that background fluxes generically break the residual N = 1 supersymmetry 
spontaneously. 

In the particular case of type IIB Calabi-Yau compactifications, one can 
turn on internal fluxes of the RR field strength F 3 and the NS-NS field strength 
H 3 through 3-cycles of the Calabi-Yau X: 



L 



F 3 = m RR ' a G Z, / F 3 = n RR G Z, 



H 3 = m Nb ' a G Z, / H 3 = nf b G Z. (2.61) 

7feX A| ex 



where the 2h\$ RR flux parameters (m ' a ,n R ) and the 2/2,^2 NS-NS flux pa- 



rameters (m NS,a , n^ s ) are the coefficients of the expansion of F 3 and H 3 into the 



symplectic base (a a ,/3 b ): 

F 3 = m RR > a a a + n RR f3\ H 3 = m NS > a a a + n^ s ' (3 b \ a, b = 1, h x>2 . (2.62) 
However, it turns out that the relevant three-form flux G 3 is defined as [76J: 

G 3 = F 3 - iSH 3 = (m RR > a - iSm NS > a ) a a + (n RR - iSn£ s ) (3 b . (2.63) 
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The effect of the these non- vanishing background fluxes is the following. The elec- 
tric fluxes (n^ R , n^ s ) gauge a translational isometry of the quaternionic manifold 
M.q acting on the dual scalars of the two space-time two-forms B 2 and C 2 , which 
we shall denote as q 1,2 . Hence the ordinary derivatives are replaced by covariant 
derivatives: 

On the other hand, the magnetic fluxes (m ,a ,m N ' a ) are related to the mass 
parameters of B 2 and C 2 |141j . The total induced scalar potential (but no D- 
term) reads [147| : 

V(U, S) = - (n - M-m) a (lmM)~ lab (n - M ■ m) b , (2.65) 

where Ai(U) is the gauge kinetic matrix appearing in (12.321) . It is crucial to 
notice that V depends on the axio-dilaton S, as it is clear from the definition of 
G 3 (12.631) . but it depends also on the complex structure moduli U, since they give 
the volume of the 3-cycles over which the integrations in (I2.6ip are performed. 
Therefore both S and £7-moduli can be stabilised by turning on background 3- 
form fluxes. The flux-generated tree-level potential (I2.65P can be derived from a 
superpotential that takes the famous Gukov-Vafa-Witten form [148J: 

W tree (S,U) ~ J G 3 An. (2.66) 
x 

After performing the orientifold projection to obtain an N = 1 effective field 
theory, the expression (12.631) for G3 = F s — iSH 3 , projects down to: 

G 3 = m a -a a _ +n a _(3 a ~, a_ = 1, h^ 2 , (2.67) 
with 2 {hi 2 + l) complex flux parameters: 

m a- = m RR,a. _ iSm NS,a.^ n ^ = _ iSn NS ^ gg) 

Finally, let us mention that the backreaction of background fluxes on the internal 
geometry causes warping, and so it renders X conformally Calabi-Yau: 

ds 2 = e 2A{y) g^dafdx" + e" 2 ^ g mn dy m dy n , (2.69) 

where the warp factor A(y) can depend only on the internal coordinates y m , in 
order not to break four- dimensional Poincare invariance. However, from now on, 
we shall ignore the effect of any warp factor since it is negligible in the case of 
exponentially large volume which we will be interested in. Here we just recall that 
the main application of warping is the solution of the hierarchy problem thanks 
to the red-shifting effect at the end of a warped throat where chiral matter is 
localised |1491 1150"] . However, in our case, the solution of the hierarchy problem 
is due to the presence of an exponentially large volume of the extra dimensions. 
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2.4.2 Tadpole cancellation 

Historically there was a no-go theorem [73J claiming that it was impossible to have 
non-zero fluxes due to the tadpole cancellation condition, given that the fluxes 
were the only semi-positive definite contribution to the C4 tadpole. However 
the discovery of localised sources, such as .D-branes [52], led to the possibility 
to overcome this no-go theorem and allow for non-vanishing background fluxes 
G 3 = F 3 -iSH 3 . 

In fact, the fluxes turned out not to be the only source for the C4 tadpole, 
since it was realised that several local sources, like D3-, D3-branes, wrapped D7- 
branes, orientifold planes, or gauge fields on D7-branes (however, we shall not 
concern ourselves with gauge fields here), can carry D3-brane charge [76] . 

The requirement that the C4 tadpole must be cancelled, means that the 
total internal D3-brane charge has to vanish. This condition, in turn, guarantees 
the absence of anomalies in the low-energy four dimensional theory, and reads: 

^3-^3+(4^/^ = # («») 

where x{Z) collects the contribution to D3-brane charge from orientifold planes 
and D7 branes. In the F-theory interpretation |153j . x{Z) is the Euler number 
of the corresponding four-fold. 

Due to the great importance of .D-branes in order to be able to turn on 
background fluxes (as well as to obtain non-Abelian gauge theories on the world- 
volume of the brane and stringy realisations of the brane- world scenario), we 
shall now discuss the effective action of these localised sources in section 12.51 
We just mention here that the number of .D-branes that can be introduced, is 
not arbitrary but is constrained by the requirement of cancelling the C4 tadpole. 
Hence the number of D3-branes that must be introduced varies with the discrete 
flux choices. If we wish to avoid the need to include D3-branes, we can always 
take the fluxes to saturate the tadpole condition. 



2.5 D-brane effective action 

A very important ingredient of Calabi-Yau flux compactifications is the presence 
of Dp-branes which have to fill the four-dimensional space-time in order not to 
break Poincare invariance. Each space-time filling Dp-br&ne comes along with a 
£7(1) gauge theory that lives on its world volume. More generally, a stack of N 
Dp-branes gives rise to a non-Abelian U(N) gauge theory [154] . 

The dynamics of a .D-brane is governed by the Dirac-Born-Infeld action 
Sdbi together with a Chern-Simons action Scs- For a generic Dp-brane, they 
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look like gO]: 

Sdbi = -T p [ d p+1 ^^-det [<p*(g + B 2 ) + 2tt«'F 2 ], 
Jw 

Scs = lh I ¥>* {C p+1 e B >) e Wi?2 , (2.71) 
Jw 

where T p is the tension, \i v is the RR-charge of the fp-brane, and F 2 is the gauge 
field strength. In this case, the integrals in (12.711) are taken over the (p + 1)- 
dimensional world-volume W of the fp-brane, which is embedded in the ten 
dimensional space-time manifold R 9 ' 1 via the map if : W > M 9,1 . In order to 
preserve N = 1 supersymmetry, the fp-brane has to satisfy a BPS condition, 
which amounts to the fact that the tension T p must be equal to the RR-charge: 

Tp fip. 

Adding both Sdbi and Scs to the ten-dimensional type IIB bulk action 
and performing a Kaluza-Klein reduction, one derives again a, D = 4 low energy 
effective action, which can be written in the standard N = 1 supergravity form 
(I2.42p . The tree-level Kahler potential coincides with the K tree of the orientifolds 
given in (I2.55p . but with a new definition of the chiral Kahler coordinates, which 
depends on the fact that we are considering D3- or D7-branes [125[ll26[ll27l [128j. 
Let us start with D3-branes and then turn to the case of L>7-branes. 



2.5.1 .03-branes 

A space-time filling D3-brane is a point in the Calabi-Yau orientifold whose 
position is parameterised by three gauge neutral moduli (\ i — 1, 2, 3, which are 
the scalar components of chiral matter multiplets living on the four- dimensional 
world volume of the D3-brane and transforming in the adjoint representation of 
U(N) (in the case of a stack of iV D3-branes). 

In this case, the definition of the N = 1 chiral Kahler coordinates (12.461) is 
replaced by (in a small C expansion) [127J: 



T i+ ~ 



k i+j _ k _Gi- (G-G) h - (2.72) 



+i 



2(S + S) 



c. 



with D i+ G iff^ X a _ G if ! 2 and still given by (I2.52p . Using the modified 
definition of Tj+, one again has to solve for t %+ in terms of the chiral variables 
S, T, G and U. Inserted into V, then results in a K tree (S, T, G, U, (). We see from 
(I2.73P that the complex structure moduli U couple to the matter fields £*, and 
thus the moduli space no longer is a direct product. The Kahler potential is still 
the sum of two terms but both terms now depend on U. 
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As an explicit example consider the situation = 1 and h 1 x = 0. In this 
case (12.731) can be solved for t, and one obtains as the Kahler potential: 



K = -3 In \T + f + AjTrC [( j - U a ~ ( Xa _)J + h.c.\ -In (S + S)+K CS (U). 

(2.73) 

Using the Kaluza-Klein reduction, one also determines the gauge kinetic function 
of the non-Abelian gauge theory of the D3-brane to be / ~ S. Finally the 
superpotential is found to be: 



W = ~Y ijk TrC(i( k , Y ijk = Q ijk {U). 



(2.74) 



2.5.2 L>7-branes 

A D7-brane is an extended object with seven space and one time dimensions. 
As we have already stressed, it has to fill the ordinary four-dimensional space 
time, while the remaining spatial four dimensions have to wrap around an in- 
ternal 4-cycle S 4 inside the Calabi-Yau orientifold (notice that the four cycle S 4 
includes both the cycle the D7-brane wraps and its image with respect to the 
orientifold involution a). Therefore the world- volume of a D7-brane is of the form 
W = IR 3,1 x £4. The possible deformations of the internal 4-cycle £4 are again 
parameterised by Z)7-moduli Ot^X which are the scalar components of chiral 
matter multiplets. 

In addition, the eight-dimensional world-volume gauge field gives rise to a 
four- dimensional U(l) gauge field A^x) and several Wilson line moduli a a (x). 
In this case, the the appropriate chiral Kahler coordinates are found to be (in the 
limit of small D7-brane fluctuations ( l ) [126] : 

S = iS - ii-djCC. S = - iC , G { ~ = d~ - iSb*-, 
T i+ = r l+ - —L^ki+^G*- (G '■- Of- (2.75) 

where CjjC%t? are intersection numbers on the 4-cycle £4 defined in |126] . In terms 
of these Kahler coordinates, the Kahler potential for the low energy effective 
supergravity action is given by: 



Ktree = — 2 In V — In 



(S-S)-2ifi 7 C i3 CX 3 +K CS (U), (2.76) 



where Kt ree (S,G,T,(,a) is obtained by solving (12.761) for f+ , exactly as before. 
For the holomorphic gauge coupling function one finds / ~ T, where T includes 
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the Kahler modulus r which parameterises the volume of the 4-cycle £4 wrapped 
by the D7-brane. 

Moreover, the presence of a D7-brane generates a non-vanishing D-term of 
the form [T2S] : 

D=^§- f JAB 2 . (2.77) 

However, by appropriately adjusting B 2 = b l -L>i_, this D-term can always be 
made to vanish, which just corresponds to the BPS-condition for the D7-brane. 
Finally, one can consider to turn on fluxes on the D7-brane. This requires that 
the integral f F 2 is no n- vanishing, where F 2 is the 'internal' field strength of the 
-D7-gauge boson. These fluxes generate additional contributions to the D-term 
and also a superpotential [126J. 



2.6 Flux-stabilisation 

In order to illustrate the role played by background fluxes to stabilise the axio- 
dilaton and the complex structure moduli, let us focus on orientifold projections 
such that h\ x = =>- = h\ t \, and with vanishing open string moduli. 

As we have seen in section 2.4, the background fluxes G% = F 3 — iSH 3 gen- 
erate a tree-level superpotential (but no D-term) that takes the famous Gukov- 
Vafa-Witten form |T48||: 

M 3 f 

W tree (S, U) — —j= / G 3 AQ. (2.78) 

V47T J 

X 

Notice that the Kahler moduli Tj do not appear in W tre e an d so remain precisely 
massless at leading semiclassical order. In order to understand this important 
issue, let us write down explicitly the form that the scalar potential acquires once 
background fluxes are turned on: 

V = e K {k s ~ s D s WDsW + K uD DuWD v W + K fj DiWD^W - 3 \W\ 2 } , 

(2.79) 

2 The prefactor in (|2.78p is due to careful dimensional reduction, as can be seen in Appendix 
A of [88] . However, the authors of :88j define the Einstein metric via g s ^ v — e^~^^ 2 g^ v , so 
that it coincides with the string frame metric in the physical vacuum. On the contrary, we opt 
for the more traditional definition <?^„ = e^^ 2 g^ lin which implies no factor of g s in the prefactor 
of W. 
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where: 

dW dK 

D ' w = m +w wr w ' + WK - 

dW - OK 
DiW = — + W—=- = Wi + WKi. 
3 dT 3 dTj 3 3 

The form of the scalar potential given in (12.791) has used the factorisation of the 
moduli space (I2.56p : in general this will be lifted by quantum corrections. As 
Wtree is independent of the Kahler moduli, this reduces to: 

V = e K {k sS D s WD s W + K uD DuWD W + ^K i] KiKj - 3^ |iy| 2 } . (2.80) 

Notice that V is a homogeneous function of degree 3/2 in the Tj's, and so also 
ensures K tree satisfies K tree (\Ti) = K tree [jj) — 3 In A as an identity for all A and 
Tj. It follows from this that K tre e satisfies the no-scale identity [97J: 

d 2 K tree \ dK tree dK tree _ (o 

mbfj) dT, Wj _ ' 1 j 

which implies the existence of a classical no-scale structure of the potential for 
the Kahler moduli, since the last term of (12.801) vanishes: 

V = e K {k s ~ s D s WDsW + K uD DuWD w} > 0. (2.82) 

As the scalar potential is positive semi-definite, it is possible to fix supersymmet- 
rically the dilaton and the complex structure moduli at tree level by demanding 
D S W = = DjjW . Usually, these fields are integrated out setting them equal to 
their vacuum expectation values, but sometimes we will keep their dependence 
manifest. However, since they are stabilised at tree level, even though they will 
couple to quantum corrections, these will only lead to subleading corrections to 
their VEVs, so it is safe just to integrate them out |98j . From now on, we will 
set: 

/If 3 /If 3 

W tree = -^LW = I I G 3 A Q ) , (2.83) 




K tree = -2 In V - In I - ) + K cs , (2.84) 



/47T 

and: 

K tree = -2 In V- In ( 

Ji 

with: 

e~ Kcs = ( -i J Q A Q ) . (2.85) 
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A useful property of K = —2 In V is: 

A? S ^ = -|, (2,6) 

where, for later convenience, we have expressed the derivatives of the Kahler po- 
tential in terms of derivatives with respect to r = Re(T), rather than derivatives 
with respect to T. In addition, the general form of the Kahler metric is: 



K « = = 2 " V~' (2 - 87) 



and its inverse looks like: 



^-(iSr) =r l r l -VA ir (2.SS) 



dridrj 

From the previous relations it is also possible to show that: 

= ( 2 -89) 
and the more important no-scale structure result: 

K* S K?K? = 3. (2.90) 

The classical flatness of the potential for the Kahler moduli, V = 0, implies 
that to study Kahler moduli stabilisation we should keep all possible quantum 
corrections, which will be studied in detailed in chapter [3j We shall show that 
they can indeed generate a scalar potential with stabilised T-moduli. 

We finally stress that the fluxes may, but need not, break the remaining 
four- dimensional N = 1 supersymmetry [151U152|ll55j . corresponding to whether 
or not the resulting scalar potential for the Kahler moduli is minimised where 
Fi = DiW = diW + WdiK vanishes at the minimum. More precisely, for the 
superpotential f)2.78p . one finds unbroken supersymmetry, that is Fi = 0, for 
G 3 G H21 [ZH]. For G 3 G Hq 3 , one finds a broken supersymmetry Fi 7^ in 
Minkowski space, that is with V = 0. On the other hand, for G3 G H 30 © H^ 2 i 
one obtains only unstable vacuum solutions. 
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Chapter 3 

Kahler Moduli Stabilisation 



3.1 Corrections to the leading approximation 

As seen in chapter 2, at tree level we can stabilise only the dilaton and the 
complex structure moduli but not the Kahler moduli. The only possibility to get 
mass for the T-moduli is thus through corrections at sub-leading order in a 1 and 
g s (string loops). We stress that this is not required for the S and U moduli, 
whose potential is dominated by the leading order contribution. 

It is known that in N = 1 four- dimensional supergravity, the Kahler poten- 
tial receives corrections at every order in perturbation theory, while the superpo- 
tential receives non-perturbative corrections only, due to the non-renormalisation 
theorem |156j . The corrections will therefore take the general form: 



and the hope is to stabilise the Kahler moduli through these corrections to the 
tree-level approximation. In this section we shall review the behaviour of the 
non-perturbative and a' corrections and then study the g s corrections in chapter 
5 of this thesis. Let us now review briefly all these kinds of corrections. 

3.1.1 Non-perturbative corrections 

Since the superpotential receives no contributions at any finite order in a' and 
g s , its first corrections arise non-perturbatively. These can be generated either 
by Euclidean D3-brane (ED3) instantons [157] wrapping 4-cycles in the extra 
dimensions, or by gaugino condensation in the supersymmetric gauge theories 
located on D7-branes that also wrap internal 4-cycles [158j . The superpotential 




(3.1) 
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that both kinds of effects generate is of the form: 

Ml 



W 



\Wo + J2 A i e ~ aiT *) > ( 3 - 2 ) 



where the sum is over the 4-cycles generating nonperturbative contributions to W, 
and as before Wq is independent of Tj. The coefficients correspond to threshold 
effects and can depend on U and D3-brane position moduli. The constants 
in the exponential are given by = 2tt for .E.D3-branes [157j . or ctj = 2tt/N for 
gaugino condensation in an SU(N) gauge theory |158j . There may additionally 
be higher instanton effects in f)3.2p . but these can be neglected so long as each r» is 
stabilised such that ^> 1. From (I2.43p . the presence of such a superpotential 
generates a scalar potential for Tj, of the form (up to a numerical prefactor and 
powers of g s and M P ): 



8V {np) = e K °K 3 Q 



- (ajAje-^Wd.Ko + a^e-^WSjifo) . (3.3) 



3.1.2 Leading a' corrections 



Unlike the superpotential, the Kahler potential receives corrections order-by- 
order in both the a' and string-loop expansions: 



K p = 5K {al) + 5K, 



(3.4) 



On top of that, there are also non-perturbative effects K np which can come from 
either world-sheet or brane instantons and are subdominant compared to the per- 
turbative corrections to the Kahler potential (see for instance [TOj I159j ). There- 
fore, we shall neglect them in the following. 

In the effective supergravity description the a' corrections correspond to 
higher derivative terms. The leading a' contribution comes from the the ten 
dimensional 0(a' 3 ) TZ 4 term [160J, and it leads to a Kahler potential for the 
Kahler moduli of the form [104] : 



K 

Ml 



-2 In V 



2g 



3/2 



with the constant £ given by: 



-21nV 



xP0C(3) 

2(2tt) 3 ' 



+ O (1/V 2 ) 



(3.5) 



(3.6) 



Here xPO = 2 (h\,\ — ^2,1) is the Euler number of the Calabi-Yau X, and the 
relevant value for the Riemann zeta function is £(3) = YlT=i^/k 3 — 1-2. We 
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stress the point that the a' expansion is an expansion in inverse volume and thus 
can be controlled only at large volume. This is important, as very little is known 
about higher a' corrections, the exact form of which are not known even in the 
maximally supersymmetric flat ten-dimensional IIB theory. From now on we 
focus only on situations in which the volume can be stabilised at V ^> 1 in order 
to have theoretical control over the perturbative expansion in the low-energy 
effective field theory. 

Denoting for convenience £ = £/g^ 2 , (13.51) implies to leading order the 
following contribution to V (again, up to a prefactor containing powers of g s and 



3.1.3 String loop corrections 

In this section, we shall ignore corrections from string loops. However, we shall 
present a detailed analysis of their behaviour for general type IIB compactifica- 
tions in chapter [5j Here we just briefly mention that historically these quantum 
corrections have always been the less understood, and so they have been neglected 
in most mechanisms of Kahler moduli stabilisation. In section 3.2 we shall present 
a detailed survey of all the main Kahler moduli stabilisation mechanisms available 
in the literature, and we will show that in most cases the neglecting of g s correc- 
tions is not theoretically justified. In fact, their inclusion could destabilise the 
moduli, or, as we shall see in chapter 6 for the case of LARGE Volume Scenarios, 
string loop corrections could generate a completely new set of vacua. 



3.1.4 Scalar potential 

Considering only the contributions 5V( np ) and SV(a>), the large volume limit of the 
total scalar potential can be obtained by combining (13. 3p and (13. 7p . and takes 
the form: 



M P ): 




(3.7) 



V 




(3.8) 



ajAje aiTi WdiK Q + a^e 



Wd,K )]+^\W 



2 
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3.2 Survey of moduli stabilisation mechanisms 

We have seen that the no-scale structure will be broken by several contributions 
which will lead to the following general form of the scalar potential for the Kahler 
moduli: 

V = 5V {np) + + 5V i9s) + V local + V D , (3.9) 

where 8 V( np ) + 6V( a /) is given by (13.81) . 8V( k9s ) is the perturbative contribution from 
string loop corrections, Vi oca i is the potential generated by extra local sources, 
and Vd is the usual D-term scalar potential for N — 1 supergravity: 

V D = 1 ((Re/)- 1 )" 6 D a D b , D a = 

We now review the main Kahler moduli stabilisation mechanisms proposed in the 
literature in order to illustrate the importance of having a deeper understanding 
of the string loop corrections. From the expression (13.81) we realise that: 

SV inp) ~ e K (Wl p + W W np ) , 6V (P) ~ e K W*K p , (3.11) 

where in general we have: 

5V {p) =8V {a/) + 8V igs) , (3.12) 

for the full perturbative contributions to the scalar potential. Let us explore 
the possible scenarios which emerge by varying Wq. As stressed in subsection 
3.1.2, we can trust the use of solely the leading perturbative corrections to the 
scalar potential only when the overall volume is stabilised at large values V>1. 
The first systematic study of the strength of perturbative and non-perturbative 
corrections to the scalar potential has been performed in [HS]. Neglecting 8V(g 3 ), 
Vi oca i and Vd, [99] studied the behaviour of the minima of the scalar potential 
when one varies \Wq\. Their results are summarised in the following table: 



1) 


W 




w np 


< 1 


2) 


w np 


< 


Wo 


< 1 


3) 1 


w np 




W 


~ O(l) 




8V( a >) 


< 


8V( np ) 






8V(np) 




8V ( 


a 1 ) 






8V(np) 


< 


8V(a<) 





1. I W 1 ~ \W np \ < 1 \8V (al) \ / \8V {np) \ ~ \8K {al) \ ~ 1/V < 1 « 

\8V( a >) \ < | <5 V (rlp ) | 

This case is the well-known KKLT scenario |10Uj . All Kahler moduli are 
stabilised by non-perturbative corrections at an AdS supersymmetric min- 
imum with DtW = 0. A shortcoming of this model is that Wo must be 
tuned very small in order to stabilise at large volume and neglect a' or other 
perturbative corrections. KKLT gave the following fit for the one-parameter 
case: 

iy = -10~ 4 , A = l, a~27r/60 =^ (r) ~ 113 V ~ 1.2 ■ 10 2 . 

(3.13) 



w 

W 



( T a)ij ¥>j 



(3.10) 



3.2. SURVEY OF MODULI STABILISATION MECHANISMS 



79 



In addition to |Wo| C 1, a large rank gauge group (as in SU (60) above) 
is also necessary to get ar ^> 1. This is a bit inelegant but a lower rank 
of the gauge group would imply a much worse fine tuning of Wq. The 
authors also proposed a mechanism to uplift the solution to dS, by adding a 
positive potential generated by the tension of D3-branes. This represents an 
explicit breaking within four- dimensional supergravity. Remaining within a 
supersymmetric effective theory^, [162] instead proposed F-term uplifting 
using metastable supersymmetry breaking vacua. Also [163J pointed out 
that the KKLT procedure in two steps (first the minimisation of the S and 
U moduli at tree level, and then the T moduli fixed non-perturbatively) 
can miss important contributions such as a dS minimum without the need 
to add any up-lifting term. 

We finally notice that this mechanism also relies on the assumption that 
W np depends explicitly on each Kahler modulus. In the fluxless case, this 
assumption is very strong as only arithmetic genus 1 cycles [164] would get 
stringy instanton contributions and D7-brane deformation moduli would 
remain unfixed. The presence of the corresponding extra fermionic zero 
modes can prevent gaugino condensation and in general could also destroy 
instanton contributions for non-rigid arithmetic genus 1 cycles. However 
by turning on fluxes, the D7 moduli should be frozen and the arithmetic 
genus 1 condition can be relaxed [158[ 11651 1166[ 11671 168] . Therefore it is 
possible that also non-rigid cycles admit nonperturbative effects. 

2. \W np \ < \W \ < 1 \$V (a ,)\ / \5V inp) \ ~ \5K {a/) \/\W np \\W \ ~ 1 

\$V(np)\ ~ |^V)I 

[99] pointed out that there is an upper bound on the \Wq\ in order to 
find a KKLT minimum |W)| < Wnax- W max is the value of |W| for 
which the leading a' corrections start becoming important and compete 
with the non-perturbative ones to find a minimum. This minimum will 
be non-supersymmetric as we can infer from looking at (13. 8p which im- 
plies that V ~ C(l/V 3 ) at the minimum, while -3e K \W\ 2 ~ C(l/V 2 ). 
Now since the scalar potential is a continuous function of \Wq\, increasing 
| Wo I from | Wo | = Wnax — £> where we have an AdS supersymmetric mini- 
mum, to | Wo | = Wnax + £, w iH still lead to an AdS minimum which is now 
non-supersymmetric. Subsequently, when |W)| is further increased, the a' 
corrections become more and more important, and the minimum rises to 
Minkowski, then de Sitter and finally disappears. The disappearance cor- 
responds to the a' corrections completely dominating the non-perturbative 

1 [161] proposed using D-term uplifting to keep manifest supersymmetry. However, since 
D-terms can be shown in general to be proportional to F-terms, this mechanism can work only 
for non-supersymmetric AdS vacua, as in the LARGE Volume Scenario which will be presented 
later on. 
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ones and the scalar potential is just given by the last term in (13.81) that has 
clearly a runaway behaviour without a minimum. 

Unfortunately there is no clear example in the literature that realises this 
situation for V ^> 1. In their analysis, [99] considered the possibility of 
getting a Minkowski minimum for the quintic Calabi-Yau CP^ 1111 j(5) 
(x — —200) [T69j. giving the following fit: 

W = -1.7, A = 1, a = 2vr/10, f = 0.4, Re (S) = 1 

=^ ( T ) ~ 5 V ~ 2. (3.14) 

We note that this example, in reality, belongs to the third case since \ Wo\ ~ 
(9(1) where we claimed that no minimum should exist. That is true only for 
V ^> 1, but in this case V ~ 2 and higher a' corrections cannot be neglected 
anymore. Moreover with g s — 1 the string loop expansion is uncontrolled. 

|W np | « \W \ ~ 0(1) 1^)1/1^)1 ~ |^)|/|W„ P | >1 

\fiV( a r)\ > |5V( np )| 

This is the more natural situation when |Wo| ~ ^(1)- m this case, if 
we ignore the non-perturbative corrections and keep only the a' ones, no 
minimum is present. However there are still SVr ga ), Vi oca i and Vd- Thus, let 
us see two possible scenarios: 

(a) 5V( np ) neglected, SV( a ') + Viocai considered 

Bobkov [170 J considered F-theory compactifications on an elliptically- 
fibered Calabi-Yau four-fold Z with a warped Calabi-Yau three-fold M 
that admits a conifold singularity at the base of the fibration. Follow- 
ing the procedure proposed by Saltman and Silverstein [171j for flux 
compactifications on products of Riemann surfaces, he added no7 ad- 
ditional pairs of D7/D7-branes and n-j extra pairs of (p, q) 7/7-branes 
wrapped around the 4-cycles in M placed at the loci where the fiber T 2 
degenerates. These extra local sources generate positive tension and 
an anomalous negative Z)3-brane tension contribution to Viocai which, 
in units of {a') 3 , reads: 

V = - X (2,)«7V| 1 „ I (|)- J V 7 (|) 

+n iw) + nm iw)' (3 - 15) 

where V s is the string frame volume and iVV = (n|> 7 + n?) is an effective 
parameter given in terms of triple intersections of branes. By varying 
the various parameters, this is argued to give a discretuum of large- 
volume non-supersymmetric AdS, Minkowski and metastable dS vacua 
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for Calabi-Yau three- folds with hi t i = 1 (this implies \ < 0). The fit 
proposed is for the dS solution: 

\W \ ~ (2tt) 2 N flux > 1, X = -4, N flux = 3, n 7 = 1, n D7 = 73, 
g s ~ 5 • 10~ 3 V ~ 3 • 10 4 . (3.16) 

The integer parameters are tuned to obtain a pretty small g s so that 
the effect of string loop corrections can be safely neglected. In this 
scenario, in which supersymmetry is broken at the Kaluza-Klein scale, 
the stabilisation procedure depends on local issues, while we would 
prefer to have a more general framework where we could maintain 
global control. 

(b) 5V( np ) neglected, SV( a ') + 8V(g s ) considered 

Berg, Haack and Kors |101j . following their exact calculation of the 
loop corrections for the N — 1 toroidal orientifold T 6 /(Z2 x Z2) [105j . 
analysed if these corrections could compete with the a' ones to gener- 
ate a minimum for V. By treating the three toroidal Kahler moduli in 
T 6 = T 2 x T 2 x T 2 on an equal footing, they reduce the problem to a 
1-dimensional one. The schematic form of the scalar potential for the 
volume modulus is found to be: 

V = 5V ia/) +5V i9s) ~^ + —. (3.17) 

It turns out that 5 > 0, and so as £ ~ — x, they need a positive Euler 
number % > in order to find a minimum, while the T 6 / (Z2 x Z2) 
toroidal example has a negative Euler number. They instead consider 
the N = 1 toroidal orientifold T 6 /Z' 6 that satisfies the condition x > 0. 
A non- super symmetric AdS minimum is now present but as the loop 
corrections are naturally subleading with respect to the a' ones, they 
must fine tune the complex structure moduli to get large volume. They 
find: 

\W \ ~ 0(1), Re(U) ~ 650, Re (S) = 10 

( r ) ~ 10 2 V ~ 10 3 . (3.18) 

The fine-tuning comes from assuming the complex structure moduli 
are stabilised at large values. A similar scenario has been studied 
also by von Gersdorff and Hebecker |102j . In addition, Parameswaran 
and Westphal |103j studied the possibility to have a consistent D-term 
uplifting to de Sitter in this scenario. 

4. We have assumed above that when \Wq\ ~ 0(1) perturbative corrections 
always dominate non-perturbative ones, which can therefore be neglected. 
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But is this naturally always the case? In order to answer this question, let 
us now consider scenarios in which 5V( np ) and 5Vm) compete while \W Q \ ~ 
0(1). 

(a) 5V( 9a ) neglected, 5V( np ) + 5V( a ') considered =>- large volume 

This situation was studied by Westphal [172] following the work of 
Balasubramanian and Berglund, finding a dS minimum at large vol- 
ume for the quintic. However this result extends to other Calabi-Yau 
three-folds with just one Kahler modulus. He presents the following 
fit: 

Wo = -1.7, A = l, a = 2vr/100, £ = 79.8, Re(5) = l 

( T ) ~ 52 V ~ 376. (3.19) 

The non-perturbative corrections are rendered important by using a 
large-rank gauge group S77(100) for gaugino condensation. This is 
not fine-tuned but is contrived. The loop corrections, which may be 
important, are not considered here. 

(b) <5V( 9s ) neglected, 5V( np ) + SV^ a n considered ==>• exponentially large 
volume 

This situation is very appealing since it provides a positive answer to our 
basic question. Balasubramanian, Berglund, Conlon and Quevedo [87] de- 
veloped these scenarios which now go under the name of Large Volume 
Scenarios, which is a bit misleading as large volume is always necessary to 
trust a solution. They should be more correctly called LARGE Volume (or 
WEAK coupling [173] ) Scenarios because the volume is exponentially large. 
In this framework, both non-perturbative and a' corrections compete nat- 
urally to get a non-supersymmetric AdS minimum of the scalar potential 
at exponentially large volume. This is possible by considering more than 
one Kahler modulus and taking a well-defined large volume limit. For one 
modulus models, the work of [99] and [172] shows that with the rank of the 
gauge group SU(N) in the natural range iV ~ 1 4- 10, it is impossible to 
have a minimum. 

However, if we have more generally h% t \ > 1, this turns out to be possible. 
The simplest example of such models has been found for the Calabi-Yau 
described by the degree 18 hypersurface embedded in the complex weighted 
projective space CP^ 1169 j [1741 1175] . The overall volume in terms of 2- 
cycle volumes is given by: 

V=\ (3t?t 6 + 18ti*l + 36*^) , (3.20) 
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and the 4-cycle volumes take the form: 



t\ (ti + 6t 5 ) 2 
r 4 =2", r 5 = g ' ^' 21 > 

for which it is straightforward to see that: 

v =^( t = /2 - t|/2 )- < 3 - 22 > 

The reason why T4 and T5 are considered instead of T\ and rs, is that these 
are the only 4-cycles which get instanton contributions to W when fluxes are 
turned off |175j . As we will explain in chapter 4, in order to get LARGE 
Volume Scenarios, we require that W np depends only on blow-up modes 
which resolve point-like singularities, as r 4 in this case. Such cycles are 
always rigid cycles and thus naturally admit nonperturbative effects. If we 
now take the large volume limit in the following way: 



r 4 small, 

r 5 > 1, 



(3.23) 



the scalar potential looks like: 



_ _ rTA rTA \JT 4 e- 2aiTi ur 4 e- aiTi v 

V = bV {np) + SV^af) — 2 h ^3, A, 11, v constants, 

(3.24) 

with a non-supersymmetric AdS minimum located at: 

r 4 ~ (40 2/3 and V ~ ^Ml e ° 4T4 . (3.25) 

CL4A4 

The result that we have found, confirms the consistency of our initial as- 
sumption (I3.23P in taking the large volume limit. Inserting in (I3.25P the 
correct parameter dependence and with the following natural choice of pa- 
rameters, we find: 

W = 1, A A = 1, a 4 = 2tt/7, f = 1.31, Re (S) = 10 

(r 4 ) ~ 41 V ~ 3.75 ■ 10 15 . (3.26) 

Therefore r 4 is stabilised small whereas r 5 ^> 1, and the volume can be 
approximated as: 

V ~ r 5 3/2 , (3.27) 

and: 

r 4 ~ tl r 5 ~ tl (3.28) 

Looking at (I3.25P we can realise why in this case we are able to make 5V( np ) 
compete naturally with 5Vc a iy In fact, in general SVr a '\ ~ 1/V 3 and <5V( np ) ~ 
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e~ a4T4 /V 2 , but flH25D implies 5V (np) ~ 1/V 3 ~ 5V (a >). The non-perturbative 
corrections in the big modulus r 5 will be, as usual, subleading. An attractive 
phenomenological feature of these models is that they provide a method of 
generating hierarchies. In fact the result (I3.26p . for Mp = 2.4 • 10 18 GeV, 
produces an intermediate string scale [90J: 



M s ~ ~ 10 11 GeV, (3.29) 
v V 



and this can naturally give rise to the weak scale through TeV-scale super- 
symmetry: 

M soft ~ m 3/2 = e^ /2 |W| ~ — ^ ~ 30 TeV. (3.30) 

Changing the underlying parameters, one could easily find a volume V ~ 
10 4 in string units, as it is needed for M s ~ Mqut-, and much larger vol- 
umes of the order V ~ 10 30 in the extreme case of TeV strings (M s ~ 1 
TeV). In addition, the large volume allows massive string states to be con- 
sistently integrated out and makes the effective field theory description of 
the compactification more robust. We also stress that explicitly obtaining 
exponentially large volume in string theory, with all the geometric moduli 
stabilised, goes much farther than the original large extra dimensions pro- 
posals [19] where the volume was simply assumed to be large. Since the 
parameters (like £) appearing in the scalar potential (I3.24p are related to 
the topology of the underlying Calabi-Yau space, the choices required for 
the existence of a minimum at exponentially large volume imply conditions 
on this underlying topology. These conditions will be derived in chapter 4 
for an arbitrary Calabi-Yau. 

However, this setup ignores further perturbative corrections as the g s ones. 
It is thus crucial to check if they do not destroy the picture. In view of the 
known calculations of string scattering amplitudes for toroidal orientifolds, 
Berg, Haack and Pajer [106] conjectured the string loop corrections to the 
scalar potential to take the form: 

^>~idPfc + ° (v ~ in (3 - 31) 

These corrections turn out to be subleading with respect to the scalar po- 
tential (I3.24p even if one tries to fine tune the coefficients C4 pretty large, 
C4 ~ 20 4- 40. We therefore conclude that the LARGE Volume Scenario is 
safe. 



This survey of moduli stabilisation mechanisms has shown that a deeper 
understanding of string loop corrections to the Kahler potential in Calabi-Yau 
backgrounds is highly desirable. In KKLT stabilisation, the magnitude of the 
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perturbative corrections is what determines the regime of validity of the stabil- 
isation method. In all other methods of stabilisation, perturbative corrections 
enter crucially into the stabilisation procedure, and so not only a' but also g s 
corrections should be taken into account. 

These loop corrections are neglected in the cases (3a), (4a) and (4b), but 
we learnt from the case (3b) that they can change the vacuum structure of the 
system studied. However in this situation a significant amount of fine tuning was 
needed to make them compete with the a 1 corrections to produce a minimum at 
large volume. In case (4b), the loop corrections did not substantially affect the 
vacuum structure unless they were fine-tuned large. Therefore one would tend to 
conclude that these string loop corrections will in general be subdominant, and 
so that it is safe to neglect them. 

While this may be true for models with relatively few moduli, we will see 
in chapter 6 that loop corrections can still play a very important role in moduli 
stabilisation, in particular lifting flat directions in LARGE Volume Scenarios. In 
this case the fact that they are subdominant will turn out to be a good prop- 
erty of these corrections since they can lift flat directions without destroying 
the minimum already found in the other directions of the Kahler moduli space. 
Moreover, these flat directions whose potential is generated at subleading loop 
level, are perfect candidates for inflaton fields, as we shall see in chapter 8. 
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Chapter 4 



General Analysis and Calabi-Yau 
examples 

As we have seen in chapter 3, there is a large variety of Kahler moduli stabilisa- 
tion mechanisms proposed in the literature, which differ just from the particular 
corrections beyond the leading order approximation which are taken into account. 
The common feature of all these schemes is that g s has to be stabilised smaller 
than one in order to trust perturbation theory, and the overall volume of the 
Calabi-Yau V has to be fixed large, since the a' corrections to K are an expan- 
sion in powers of V -1 , and we have presently control only over the leading order 
term in this expansion. 

However, the main problem is that no model is taking into account all the 
possible quantum corrections. This is consistent since in each case a large amount 
of fine tuning in the fluxes is allowed. On the contrary, we would like to perform 
the Kahler moduli stabilisation in a natural way by considering all the possible 
sources of quantum corrections. 

In reality the LARGE Volume Scenario (LVS), developed by Balasubrama- 
nian, Berglund, Conlon and Quevedo in [87] for compactifications on an orien- 
tifold of the Calabi-Yau three-fold CP^ x 1 6 9 j (18) is an explicit example of Kahler 
moduli stabilisation without fine-tuning. Moreover, this model is able to generate 
most of the hierarchies we observe in Nature, which come as different powers of 
the overall volume. However, the minimum is found by making W np compete 
with 5K( a r) whereas SK^ is neglected. There is also no rigorous systematic 
study of this model for compactifications on an arbitrary Calabi-Yau. Due to 
the good features of the LVS, Part II of this thesis focuses on this moduli sta- 
bilisation mechanism, trying to improve it via the analysis of its two theoretical 
shortcomings mentioned above. The two main results of Part II of this thesis are: 
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1. A general analysis of the LVS for an arbitrary Calabi-Yau without string 
loop corrections; 

2. A detailed study of the behaviour of the string loop corrections which are 
then added to the LVS, obtaining a full final picture. 

Point (1) is presented in section 4.1 of chapter 4, where we state the LARGE 
Volume Claim, whose proof is given in appendix A, that lists the topological con- 
ditions on an arbitrary Calabi-Yau to find a non-supersymmetric AdS minimum 
of the scalar potential at exponentially large volume. This is done including a' 
corrections to K and non-perturbative corrections to W but neglecting the string 
loop corrections to the Kahler potential. We will illustrate our general results 
in section 4.2 by applying them to some examples of Calabi-Yau three-folds that 
are constructed as hypersurfaces in complex weighted projected spaces. From 
this analysis, it turns out that a necessary and sufficient condition for LARGE 
volume is the presence of blow-up modes resolving point-like singularities. At this 
stage, where g s corrections are neglected, it would also seem that the Calabi-Yaus 
which have a fibration structure cannot present the interesting phenomenological 
properties of the LVS. 

The study of the string loop corrections mentioned in point (2) will be 
performed in chapter 5, and, as we will explain in chapter 6, via the inclusion of 
the string loop corrections to the Kahler potential, also K3 fibrations can present 
an exponentially large volume minimum, provided a blow-up mode exists. 

In Part II of this thesis, we therefore managed to cure the two shortcomings 
of the LVS, both finding a general analysis and showing how all corrections, a', 
loop and non-perturbative, play a crucial role in stabilising the Kahler moduli of 
a generic Calabi-Yau three-fold without the need of doing any fine tuning. 

This chapter is organised as follows. In section 4.1 we state the general 
conditions that have to be satisfied in order to have exponentially large volume. 
The long detailed proof of this general result is left to appendix A. Section 4.2 
illustrates then our general results for several Calabi-Yaus, including both Swiss 
cheese models where all Kahler moduli other than the overall volume are blow- 
ups, and also fibration Calabi-Yaus, such as K3 fibrations. 

We shall not discuss obtaining be Sitter vacua in this chapter. For a recent 
analysis of the conditions for de Sitter vacua from supergravity, see |214j . 



4.1 General analysis for the large volume limit 

We now investigate the topological conditions on an arbitrary Calabi-Yau three- 
fold under which the scalar potential (13. 8p admits an AdS non-supersymmetric 
minimum at exponentially large volume deepening the analysis performed in [87J. 
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We will refer to those constructions as LARGE Volume Scenarios (LVS). 

LARGE Volume Claim: Let X be a Calabi-Yau three-fold and 
let the large volume limit be taken in the following way: 

Tj remains small, Vj = 1, N smaU , 
V -> oo for tj -> oo, Vj = N sma u + 1, .., h lt i(X), 

within type IIB N = 1 four dimensional supergravity where the Kahler 
potential and the superpotential in Einstein frame take the form: 



K = K cs -2\n(y + £ 

sma ll 

W = W + £ A 3 e-° 

3=1 



(4.2) 



Then the scalar potential admits a set H of AdS non- super symmetric 
minima at exponentially large volume located at V ~ e ajTj Vj = 
1, N sma u if and only if h 2i i(X) > hx^{X) > 1, i.e. £ > and 
Tj is a local blow-up mode resolving a given point-like singularity 
Vj = 1, N sma ii. In this case: 

if hi tl (X) = N sma u + 1, H = {a point} , 
if hi,i(X) > N sma u + 1, H = {(hi,i(X) - N sma u - 1) flat directions} . 

The proof of the previous Claim is presented in appendix A where we show 
also that Tj is the only blow-up mode resolving a point-like singularity if and 
only if Kjj ~ Vy/Tj. On the contrary when the same singularity is resolved 

by several independent blow-ups, say T\ and r 2 , then ~ Vh ( 'y 2 (Ti,T 2 ) and 

~ Vhf/ 2 (Ti,T 2 ) with hy 2 homogeneous function of degree 1/2 such that 

0^OVj = l,2. 

Let us now explain schematically the global picture of LVS for arbitrary 
Calabi-Yau manifolds according to the LARGE Volume Claim: 

1. The Euler number of the Calabi Yau manifold must be negative. More 
precisely: h 12 > h u > 1. This means that the coefficient £ must be positive 
in order to guarantee that in a particular direction the potential goes to 
zero at infinity from below |87J. This is a both sufficient and necessary 
condition. 

2. The Calabi-Yau manifold must have at least one blow-up mode correspond- 
ing to a 4-cycle modulus that resolves a point-like singularity. The as- 
sociated modulus must have an induced non-perturbative superpotential. 
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This is usually guaranteed since these cycles are rigid cycles of arithmetic 
genus one, which is precisely the condition needed for the existence of non- 
perturbative superpotentials in the flux- less case [164] . 

3. This 4-cycle, together with other blow-up modes possibly present, are fixed 
small by the interplay of non-perturbative and a' corrections, which stabilise 
also the overall volume mode. Here small means larger than the string scale 
but not exponentially large unlike the volume. 

4. All the other 4-cycles, such as those corresponding to fibrations, cannot 
be stabilised small even though they may have induced non-perturbative 
effects. They are sent large making their non-perturbative corrections neg- 
ligible. 

5. At this stage, non blow-up Kahler moduli, except the overall volume mode, 
remain unfixed giving rise to essentially flat directions. 

6. It turns out then that in order to freeze these moduli, it is crucial to study 
string loop corrections as the leading term in a g s expansion will be domi- 
nant over any potential non-perturbative correction. 

Notice that these are conditions to find exponentially large volume minima and 
our results hold for generic 0(1) values of Wq. There may exist other minima 
which do not have exponentially large volume for which our results do not have 
anything to say. For example, \Wq\ <C 1 may give rise to KKLT-like minima. 

Summarising, if there are N smaU blow-up modes and L = (h u — N smaU — 1) 
modes which do not blow-up point-like singularities nor correspond to the overall 
modulus, then our results state that all the N sma u can be fixed at values large 
with respect to the string scale but not exponentially large, the overall volume is 
exponentially large and the other L Kahler moduli are not fixed by these effects. 

In reality, the directions corresponding to the non blow-up modes, if they 
have non-perturbative effects, will be lifted by these tiny exponential terms, which 
however we neglect at this level of approximation. The reason is that, as we will 
see in the next sections, those directions will be lifted by the inclusion of string 
loop corrections which are always dominant with respect to the non-perturbative 
ones. 

We would also like to stress that the previous general picture shows how we 
need non-perturbative effects only in the blow-up modes to get an exponentially 
large volume minimum. As blow-up modes correspond to rigid exceptional di- 
visors, the corresponding non-perturbative corrections will be generally present 
even in the fluxless case |164j . They can arise from either gaugino condensation 
of the gauge theory living on the stack of branes wrapping that 4-cycle or from 
Euclidean D3-brane instantons. On the contrary, it is not clear if all the other 
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cycles can indeed get non-perturbative corrections to W, but this is not necessary 
to obtain LARGE Volume. 



4.2 Particular examples 

Let us illustrate these results in a few explicit examples. At this stage we ignore 
string loop corrections but as we will show in section 6.1 and 6.2, these can in 
some cases actually be important and change the configuration of the system 
studied. 



4.2.1 The single-hole Swiss cheese: CPm 1 1 6 9 i(18) 

The original example of LVS of [87] is given by the degree 18 hypersurface embed- 
ded in the complex weighted projective space CPm 1169 ] [174[ I175j . The overall 
volume in terms of 2-cycle volumes is given by: 

V= l - (3tft 5 + IShtj + 36t|) . (4.3) 

The divisor volumes take the form r 4 = r 5 = 11 2 51 , from which it is imme- 
diate to see that: 

V = 5^ - rl-) . (4.4) 

£ is positive since h\\ < h 2t i and the limit (14. ip can be correctly performed with 
T5 — * 00 and T4 remaining small. Thus N sma u = 1 and we have to check if this 
case satisfies the condition of the LARGE Volume Claim which is ~ V^/t\. 
This is indeed satisfied as it can be seen either by direct calculation or by noticing 
that r 4 is a local blow-up. Omitting numerical factors, the scalar potential takes 
the form: 

V V 2 V 3 ' [ ' 

As the CPi ii69] example is a particular case of the LARGE Volume Claim, we 
conclude that the scalar potential (14.51) will admit an AdS minimum at exponen- 
tially large volume with (h\^ — N sma u — 1) = flat directions. This is consistent 
with the original calculation in [87], which shows that the minimum is located 
at: 

<?1/3tt/ 

(t 4 > ~ (40 2/3 , (V) ~ ^4^ e a4 < T4 \ (4.6) 

04^4 
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4.2.2 The multiple-hole Swiss cheese: T\\ and C-Pm 3 3 3 5 ](15) 

It is straightforward to realise that the LARGE Volume Claim can be used to 
generalise the previous case by adding several blow-up modes resolving point-like 
singularities that will be stabilised small. In this case the overall volume looks 
like: 

small \ 

rT - £ \rT\ , (4.7) 

where a and \ are positive model-dependent parameters and the Calabi-Yau 
manifold presents a typical "Swiss cheese" shape. An explicit example is the 
Fano three-fold T\\ described in |175j . which is topologically a Z 2 quotient of a 
CY3 with Hodge numbers h^i = 3, /i2,i = HI- The total volume of the T\\ reads: 

V = ^ + ^ + | + ^ + 2W 3 + t% + ttt 2 3 + 2t 2 t 2 3 + ^, (4.8) 
Z l o I 6 

and the 4-cycle moduli are given by: 

t t 2 
n = I (2£i + t 2 + 4t 3 ) , 7-2 = -^, 7-3 = t 3 (ii + t 3 ) . (4.9) 

It is then possible to express V in terms of the r-moduli as: 

V = (2 (n + r 2 + 2r 3 ) 3/2 - (r 2 + 2r 3 ) 3 / 2 - r 2 3/2 ) . (4.10) 

The resemblance with the general "Swiss cheese" picture (j4.7p is now manifest. 
Two further Calabi-Yau realisations of this Swiss-Cheese structure have been 
presented in |120j . They are the hx^ = 3 degree 15 hypersurface embedded in 
CP^ 3 3 3 5 j and the hi t i = 5 degree 30 hypersurface in CP^ 1310 15 j. 

More generally, in [79] it was proved that examples of Swiss-cheese Calabi- 
Yau three-folds with hi } i = n + 2, < n < 8, can be obtained by starting 
from elliptically fibred Calabi-Yau manifolds over a del Pezzo dP n base3, and 
then performing particular flop transitions that flop away all n CP 1 -cycles in the 
base. 

In this case, assuming that all the small cycles get non-perturbative ef- 
fects, the 4-cycle r b , controlling the overall size of the Calabi-Yau, is stabilised 
exponentially large: 

(V) ~a(nY' 2 ~W e a ^\ Vi = l,...,N smalh (4.11) 

with no orthogonal flat directions. The various 4-cycles, Tj, controlling the size 
of the 'holes' of the Swiss-cheese, get fixed at small values Tj ~ O(10), Mi = 



1 A del Pezzo dP n surface is obtained by blowing-up CP 2 (or CP 1 x CP 1 ) on < n < 8 
points. 
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1, N sma u. However, in |177] it was discovered that the Swiss-cheese structure 
of the volume is not enough to guarantee that all the rigid 'small' cycles Tj can 
indeed be stabilised small. In fact, a further condition is that each rigid 'small' 
cycle Tj must be del Pezzo. In |177j . there are three examples of Swiss-cheese 
Calabi-Yau three-folds with h\ t \ = 4 where just one 4-cycle has the topology CP 2 
(and so it is dPo). It is likely that in order to achieve full moduli stabilisation 
when the topological condition, that all rigid 4-cycles be del Pezzo, is not satisfied, 
one needs to include g s corrections. 

We note that string loop corrections can be crucial also when one imposes 
the phenomenological condition that the 4-cycles supporting chiral matter do not 
get non-perturbative effects G2DI0 

In fact, if one wraps an Euclidean D3-brane 
instanton around a rigid 4-cycle which is also wrapped by D7-branes supporting 
chiral matter, the Z)7-branes and the instanton will chirally intersect, thereby 
forcing the insertion of charged superfields next to the non-perturbative super- 
potential. At this point, the phenomenological requirement that no Standard 
Model field gets a non-vanishing VEV at the string scale, sets the prefactor of 
the non-perturbative effect equal to zero. 

Let us briefly review the geometric data of the resolution of the CP^ 3 3 3 5 j (15) 
manifold, which has been used by the authors of |12U] to illustrate the tension 
between moduli stabilisation and chirality mentioned above. As we shall see, this 
turns out to be an interesting case in which loop corrections may potentially sta- 
bilise the Standard Model cycle that does not admit non-perturbative superpoten- 
tial contributions. This Calabi-Yau has h\ \ = 3 and h\ t 2 = 75. The Kahler form 
J can be expanded as J = Yli=i ^ % ^% m a base {-Dj}f =1 of H lt i(CP^ 3 3 3 5 i(15), Z) 
where the only non- vanishing intersection numbers look like: 





^222 


^333 


hi2 




^223 


^233 


9 


-40 


-40 


-15 


25 


-5 


15 



Using (12.521) . the volumes of the divisors Di, D 2 and D 3 are given by: 

*2 trx oj. n21 



r 3 



X - (3ti - 5t 2 ) 2 , r 2 = ^ [(3*3 - t 2 ) 2 - (5*2 - 3*!) 2 ] , 



- (*2 - 4* 3 ) (* 2 - 2* 3 ) , 



and the overall volume in terms of the r-moduli reads: 



V 




45 



(5n + 3r 2 + r 3 ) 3/2 - - (5n + 3r 2 ) 3/2 



V5 



.3/2 



(4.12) 



(4.13) 



Looking at (14.131) we realise that the form of the volume becomes simpler if we 
introduce the following diagonal basis: 



r a = 5ri + 3r 2 + r 3 , r b = 5r a + 3r 2 , r c = r x , 



(4.14) 



2 Also D-terms could play a significant role as pointed out still in 120 . 
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in which the only non-vanishing intersection numbers are: 



k 


kbbb 


kccc 


5 


45 


9 



and in the diagonal basis the total volume becomes: 

V 



t /I[ T 3/2 _ I 3/2 _ 3/2 | 

V45 [ a 3 b 3 c J 



(4.15) 



A Euclidean D3-brane instanton wraps the rigid 4-cycle D E3 — | (£>& + D c ), 
giving a non-perturbative superpotential term W np = e~^^- Tb+Tc \ There are also 
two stacks of D7-branes wrapping the rigid four cycles D D7 a = § (A> — 2D C ) and 
Dd7B = D c with line bundles Ca = § (2-D& + 5_D C ) and Cb = O. This choice 
guarantees that there are no chiral zero modes on the D7-E3 intersections. The 
"Standard Model" is part of the U(Na) gauge group on the stack A of _D7-branes, 
with SM matter obtained from the intersections AA' and AB where the prime 
denotes the orientifold image. 

Neglecting the D-term part of the scalar potential we obtain: 



V 



Ai (V$n + \/tc) 



-4?(t 6 +t c ) 



A 2 (n 



+ As 

^ V 3 ' 



(4.16) 



V V 2 

where Aj > 0, Vi = 1,2,3 are unimportant numerical factors. Now to make the 
study of the scalar potential (14.161) simpler, we perform the change of coordinates 
r b = 2t E3 + t S m, t c = r E3 - T SM , bringing f!4.16p to the form: 



V 



Ai (V5 (2t E3 + t sm ) + y/r E3 - r SM ) e' 4 ^ 3X 2 r m e 



■2-KT-p 



V 



V 2 



The scalar potential (14.171) then has a critical point at r E3 = 2t$m- However, 
this is not a minimum of the full scalar potential but is actually a saddle point 
along tsm at fixed r E3 and V. In subsection 16.2.21 we will show how string 
loop corrections may give rise to a stable LVS even though no non-perturbative 
corrections in tsm are included (see [120J for a discussion of freezing tsm by 
including D-terms with (14.171) ). 



4.2.3 2-Parameter K3 fibration: CPfa 1)2)2 ,6]( 12 ) 

Our next example is a fibration Calabi-Yau, the degree 12 hypersurface embedded 
in CPj 4 } 1226] • The overall volume in terms of 2-cycle volumes is given by: 



V = ti<2 + 3*2- 



(4.18) 
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The 4-cycle volumes take the form n = t%, r 2 = 2t 2 (ti + £2), yielding: 




(4.19) 



It is possible to invert the relations 7* = 8V /dU to produce: 

The Euler characteristic of the Calabi-Yau is negative and the limit (14. ip can be 
performed only with r 2 — > 00 and keeping n small. This corresponds to t\ — ► 00 
and £2 small. In this limit the volume becomes: 

V = ^ £1*2 - tin. (4.21) 

Thus N sma ii = 1 again and we need to check the condition of the LARGE Volume 
Claim: K X1 ~ V^Jn- However this is clearly not satisfied, as n is a fibration 
over the base t\. 

This is therefore a situation where no exponentially large volume minimum 
is present, as can be confirmed by the explicit calculation below. 



Explicit Calculation 

Here we verify that the CPn x 2 2 6 i model does not give a realisation of the LVS. 
We take the large volume limit in the following way: 

ri small, 

r 2 > 1, K 1 

which, after the axion minimisation (Wo > 0), gives a scalar potential of the 
form: 

V = dV^ + dV^^^la.Alni^n + ^e-^-^AmWoe-^] 

+ ~ (W 2 + Aje- 2aiTl - 2A 1 W e^ Tl ) . (4.23) 

We set Ai — 1 and recall that to neglect higher order instanton corrections we 
need ain 3> 1- (14.231) becomes: 

V= \T2 [(«me- fllT1 - W ) ame- aiT1 ] + ^ [W* + (e~ a ^ - 2W ) e" aiT1 ] . 

(4.24) 
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The previous expression (14.241) can be rewritten as: 

e ~ 2aiT1 ( * 2 2 3 2W e- aiT1 /. 3A 3 £ TT/2 
= ^— 4afr; + -— ^ 2am + -— H ^-VK 2 



v> 



x ^ [(«irie- aiTl - Wb) «ine-- ] + ^^ 2 . (4.25) 
Assuming a natural value Wo ~ 0(1), then (I4.25P simplifies to: 

V = -^oVie-" 1 " + (4-26) 
Extremising this scalar potential, we get: 

|^ = ^W a ie - a ^ (am - 1) = 0, (4.27) 

whose only possible solution for Wq ^ is am = 1, which is not in the controlled 
regime of parameter space. However, when Wq = 0, (I4.25P gives: 

V = I Aa\rl + IT, ) 4 «^i ( 4 -28) 



4vy v 2 v»i 1 1 v 2 

and the first derivative with respect to T\ is: 

dV e -2am 

= 8a ^i^^ " !) > ( 4 - 29 ) 

which also has no minimum. Thus we have shown that for Wq ~ 0(1), the 
CPp 1226] m °del has no exponentially large volume minimum. The last hope is 
to find a minimum fine tuning Wq « 1. In this case taking the derivatives of 
f)4.25p . one obtains: 

dV 4 

= y2 a i e ~ 2aiT1 ( fl i r i - !) (W e aiT1 - 2am) = 0, (4.30) 

whose only possible solution is: 

2a 1 (r 1 ) = W e a ^\ (4.31) 

but then fixing n, the scalar potential (14.251) along the volume direction looks 
like: 

V^U***)--^. (4.32) 

v 2 V 4 vy v 2 1 ; 

The potential (14.321) has no LARGE Volume minimum, and so we conclude that 
the CPj 4 } x 2 2 6] m °del does not admit an exponentially large volume minimum for 
any value of Wq. 

It is still of course possible to fix the moduli using other stabilisation schemes 
- for example KKLT. However, in this case there will not be a large hierarchy 
between the two Kahler moduli, with instead T\ < T2, and the volume can never 
be exponentially large. 
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4.2.4 3-Parameter K3 fibration 

In the previous subsections I4.2.1[ 14.2.21 and 14.2.31 we have presented three ex- 
amples which illustrate two of the three possible situations which the general 
analysis determines. We now illustrate the case when an exponentially large vol- 
ume minimum can be found, but with flat directions still present. We will then 
explain how these can be lifted using string loop corrections. 

This example concerns Calabi-Yau three-folds which are single K3 Fibra- 
tions with three Kahler moduli. We start off with the following expression for 
the overall volume in terms of the three moduli: 



V = a 



y/nfa-Pn)-^ 2 , (4.33) 



where a, P, 7 are positive model-dependent constants. While we do not have any 
explicit realisation of such kind of Calabi-Yau manifold, eq. (14.331) is simply the 
expression for the CPn x 2 2 6 i case (14.191) , augmented by the inclusion of a blow-up 
mode r 3 . We also assume that h 2) i(X) > /i 11 (X) = 3, thus satisfying the other 
condition of the LARGE Volume Claim. There are then two ways to perform the 
limit (14.11) without obtaining an internal volume that is formally negative: 



Ti — > 00, Mi — 1, 2 with the constraint n < r 2 , , . . 

r 3 remains small. 

This case keeps both cycles associated with the fibration large, while the 
blow-up cycle remains small. Given that T\ — > 00, this situation resembles 
the "Swiss cheese" picture: 

V = a[^(r 2 - /3n) - 7 r 3 3/2 ], (4.35) 

" v ' 

3/2 
big 

and due to this analogy with the CPS x x 6 9 i model, the condition ~ 



V^J^% is verified. Thus we can apply the LARGE Volume Claim which states 
that the scalar potential will have an AdS exponentially large volume set of 
minima together with {hi^ — N sma u — 1) = 1 flat directions. In the following 
section we shall confirm this with an explicit calculation. 



T\ and r 3 remain small. 

In this case N sma u = 2 and according to the LARGE Volume Claim there 
will be an exponentially large volume minimum of the scalar potential if and 
only if both n and r 3 is a blow-up mode. As we show in the next Section 
18.2.11 ~ Vy^, as is suggested by the volume form ()4.33|) . However 
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~ rf, as could be guessed from the fact that the overall volume (14.181) 
in terms of the 2-cycles moduli is linear in tx- Hence T\ is not a blow-up 
but a fibration modulus that does not give rise to LVS. 

Before confirming these statements in the next subsection with explicit cal- 
culations, we point out that more general examples of this kind of LVS have been 
discovered in [75]. These authors noticed that starting from an elliptically fibred 
Calabi-Yau over a dP n base, and then flopping away only r < n (instead of all n) 
of the CP 1 -cycles in the base, one obtains another elliptically fibred Calabi-Yau 
(instead of a Swiss-cheese one), whose volume looks like: 

r 

V = Vol (X n _ r ) - W /2 > A 4 >0 Vi = l,...,r, (4.37) 

i=i 

where X n _ r is the resulting elliptical fibration over a dP n - r base. It is natural 
to expect that the scalar potential for these examples has an AdS minimum at 
exponentially large volume, together with {hx,x — N smaU — 1) = n — r flat directions 
that will be lifted by g s corrections. 



Explicit Calculation 

We focus on the case in which: 

V = a 



n(r 2 - /Sri) - 7T3 



3/2 



(4.38) 



where a, j3, 7 are positive model-dependent constants and the Kahler potential 
and the superpotential take the form (defining £ = £g s 3 ^ 2 ): 



K = K + 5K {al) = -2 In f V + 

W = W + A ie ~ aiTl + A 2 e~ a2T2 + A 3 e~ a3T3 . 
In the large volume limit the Kahler matrix and its inverse look like: 



and: 



4V 2 



I g + 2a ^rx 



7 r 3 3/2 - 2frl 
2a 2 n 
-3a 2 jJrx~^M 



3/2 



(4.39) 
(4.40) 

3/2 



-3a 2 jJrx~\/n 



V 



3aj V 
2 ^ 

(4.41) 



/ 



K %1 
^0 



3/2 



.3/2 



f3rt + 7V^ T 3 

TiT 3 r 3 



TxT 3 \ 

-t= + Pti 



(4.42) 
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Both of the ways outlined above to take the large volume limit have ti ^> 1 and 
so the superpotential (14.401) can be simplified as follows: 

W ~ W + A ie ~ aiTl + A 3 e~ azTz . (4.43) 

The scalar potential takes its general form (13.81) . We recall that in the large 
volume limit, the a' leading contribution to the scalar potential becomes: 



(p + 7 fV + V>) 3f 



8V (al) = 3e K i^ J — \W\ 2 ^ \W\ 2 . (4.44) 



(V-|) (2V + | 



v^oo 4 V 3 



Adding this to the non-perturbative part, we are left with: 

1 



K l i a i A i a j A j e-( aiTi+a ^) + 2a l A i r i e- a ^W 



+2a j A jTj e^w] + ^ \W\ 2 . (4.45) 

We shall focus on the case W ~ 0(1), (since a tuned small value of W 
cannot give rise to large volume) and for a\T\ ^> 1, 03X3 ^> 1, after extremising the 
axion directions, the scalar potential simplifies to (with A = 8/(3cry), v = 3£/4 
and Ax = A 3 = 1): 

\ 2 A A 

V = -^V^e~ 2a3T3 - ^Woa.ne^ - —W a 3 r 3 e- a ^ + ^W 2 . (4.46) 

The scalar potential V depends on V, T\ and r 3 : V = V(V,ti,t 3 ), with the 
dependence on r 2 implicit in the internal volume V. The large volume limit can 
be taken in the two ways (1 and 2) outlined in section 14.2.41 The difference 
between these two cases is that in limit 1 n — » 00 whereas in limit 2 n remains 
small. Let us now study these two different cases in detail. 

1) T\ — > 00 -v=> t 3 <C T\ < r 2 

In this case, the superpotential (I4.43P obtains non-perturbative corrections 
only in r 3 : 

W ~ W + A 3 e~ a:iT:i . (4.47) 

Since the A\ term is not present in (14.471) . we will be unable to stabilise the 
corresponding Kahler modulus Ti, thereby giving rise to an exactly flat direction. 
In this case the scalar potential (I4.46P further reduces to: 

\ 2 A 

V = ^v^e" 2 ^ - — W a 3 r 3 e- a ^ + ^W 2 . (4.48) 

and V depends only on V and r 3 : V = V(V, r 3 ). The potential (14.481) has the same 
form as the scalar potential found in section 3.2 of [87] where the CPn 1169 ^ case 
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was first discussed. Following the same reasoning, we look for possible minima 
of the scalar potential (I4.48P by working out the two minimisation conditions: 

dV 

— = & (Xal^- 3 e- 2a3T3 ) V 2 -(8Woa 3 T 3 e- a3TS )V + 3uW^ = 0, (4.49) 

|^ = & -^Ve- a3T3 (l-4a3r 3 )+4^o(«3r 3 -l) = 0. (4.50) 
Equation (I4.49P admits a solution of the form: 



Ve— = l±./l-J^ J (4.51) 



4Wov^ V 16rJ /2 

whereas in the approximation a 3 r 3 3> 1, (14.501) becomes: 

Aa 3 



2^ 



Ve" a3T3 = W . (4.52) 



Combining (I4.5ip and (14.521) . we find \ = 1± . 1 ^372, whose solution is given 

by: 

l / £ \2/3 j 

' (4.53) 



(T8> = - 



9s V 2 «7 

On the contrary, from (I4.52p we work out: 



3(a 7 ) 2/3 ^o /A 1/3 ^f^f/ 3 Wo a fAt ... 
(V) = — — - e^y^j) egs _ (4.54) 

4a 3v /^ \2J a 3v /^ 



There is therefore an exponentially large volume minimum. Setting = 7 = 1, 
£ = 2, g s = 0.1, a 3 = 7r and W = 1, we finally obtain (t 3 ) = 10 and (V) = 
3.324 ■ 10 13 . However there is still the presence of an exactly flat direction which 
can be better appreciated after the following change of coordinates: 



(ti,t 2 ) — (V,fi): 



V ~ a 
n = a 



ri (r 2 - 

n(r 2 + ^n)' 



(4.55) 



From (14.541) and (14.551) we see that the stabilisation of V and r 3 does not 
depend on Q at all, implying that Q is a flat direction. We plot in Figure 4.1 
the behaviour of this scalar potential where the flat direction is manifest: r 3 has 
been already fixed as (r 3 ) = 10, V is plotted on the x-axis and Q on the y-axis. 
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Figure 4.1: 'Sofa' potential with the presence of a flat direction. 



2) T\ small 

In this case the large volume limit is taken keeping t\ small and the scalar 
potential takes the general form (14. 46 p . The minimisation equation with respect 
to T\ reads 

dV 4 

_ = & —w a ie - a ^ (om - 1) = 0, (4.56) 

which implies a\T\ = 1 and so we cannot neglect higher instanton corrections. 

There is therefore no trustable minimum for the T\ field. We may however 
think about a situation in which the system still has an exponentially large in- 
ternal volume, with T3 and V sitting at their minimum (V) ~ e a3( - T3 \ while T\ 
plays the role of a quintessence field rolling in a region at large T\ 3> 1 away from 
a\T\ = 1. The quintessence scale would be set by the e~ aiT1 exponent. Setting 
a\Ti ^> 1 it is easy to see that this is possible. However, the values of a\ and T\ 
need to be tuned to get a realistically small mass for T\ and even if this is done 
the fifth force problems of quintessence fields would seem to be unavoidable. 

Finally, let us summarise in the table below the results found without string 
loop corrections to K. 



Ti — ► 00 



W small NoLVS, 

W ~ 0(1) LVS + exactly flat direction _LV, 
W small NoLVS, 
2) T\ small I /nri\ a \ aiTl ~ a 3( r 3) LVS + almost flat direction _L V, 



H/ ~O(l)and( W LVS + a l 

K J \ a X T\ < a 3 (r 3 ) No LVS. 



CHAPTER 4. GENERAL ANALYSIS AND CALABI-YAU EXAMPLES 



Chapter 5 



Systematics 
Corrections 



of String Loop 



In this chapter we shall study the behaviour of string loop corrections to the 
Kahler potential for general type IIB Calabi-Yau compactifications. We observe 
that there is an easier and a harder part to compute the form of loop correc- 
tions. The easier part involves the parametric scaling of moduli that control the 
loop expansion: these are the dilaton, which controls the string coupling, and 
the Kahler moduli, which controls the gauge coupling on D7-branes. The harder 
part involves the actual coefficients of the loop expansion, which depend on the 
complex structure moduli and would require a explicit string computation. This 
chapter focuses entirely on the 'easier' part; however as the Kahler moduli are 
unstabilised at tree-level, such knowledge is very important for moduli stabilisa- 
tion. 

Recently, Berg, Haack and Pajer (BHP) [106J gave arguments for the general 
functional dependence of the leading order loop corrections to K on the Kahler 
moduli. By comparing with the toroidal orientifold calculations and the standard 
transformations required to go from the string frame, where string amplitudes are 
computed, to the physical Einstein frame that enters the supergravity action, they 
conjectured the parametric form of the leading corrections for general Calabi- 
Yau compactifications as a function of the Kahler moduli. As mentioned above, 
it is this dependence (on the Kahler moduli) that is more relevant for moduli 
stabilisation, as the dilaton and complex structure moduli are usually stabilised 
directly from the fluxes and it is only the Kahler moduli that need quantum 
corrections to the scalar potential to be stabilised. 

In this chapter we contribute to put on firmer grounds the leading order 
string loop corrections to K conjectured by BHP. The results found do not apply 
only on LVS but are general features of IIB flux compactifications. We provide a 
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low-energy interpretation of this conjecture in terms of the one-loop renormalisa- 
tion of the kinetic terms of the Kahler moduli. We check the consistency of this 
interpretation explicitly in various examples. We then prove that for arbitrary 
Calabi-Yaus, the leading contribution of these corrections to the scalar potential 
is always vanishing, as long as the corrections are homogeneous functions of de- 
gree —2 in the 2-cycle volumes, which includes the BHP proposal. We call this 
result 'extended no-scale structure'. 

We then use the Coleman- Weinberg potential to motivate this cancellation 
from the viewpoint of low-energy field theory. We show how the non-contribution 
of the leading order string loop correction is no longer an accident but it is just 
a manifestation of the underlying supersymmetry with equal number of bosons 
and fermions, despite being spontaneously broken. 

This 'extended no-scale structure' is crucial to establish the robustness of 
the LVS. In fact, if it were not present, the leading string loop correction to 
K would be dominant over the a' corrections. On the contrary the first non- 
vanishing one-loop contributions to the scalar potential, for which we give a 
simple formula in terms of the tree-level Kahler metric and the correction to the 
Kahler potential, are subdominant with respect to the a' corrections. Therefore it 
is safe to neglect the g s corrections in the CP^ 1169 ^ model, but according to our 
general analysis for LVS, they are important when more complicated Calabi-Yau 
manifolds are taken into account. 

In fact, in chapter 6 we shall use the results found in this chapter to include 
the string loop corrections in the study of LVS for different classes of Calabi-Yau 
manifolds. In general, these corrections will turn out to be very important for 
fixing all the Kahler moduli. 

Sections 5.1 and 5.2 are the main parts of this chapter, in which we study 
in detail the proposed form of the string loop corrections to the Kahler potential, 
their interpretation in terms of the Coleman- Weinberg potential and examples of 
different Calabi-Yau manifolds where these corrections are relevant. In particular 
the 'extended no-scale structure' of section 5.2 is crucial to establish the robust- 
ness of the exponentially large volume scenario. In chapter 6 we will use our 
results to study moduli stabilisation in different classes of Calabi-Yau manifolds. 
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5.1 General analysis of the string loop correc- 
tions 

5.1.1 String loop corrections 

Our discussion of the form of the scalar potential in IIB flux compactifications has 
still to include the string loop corrections 8K^ gs y These have been computed in 
full detail only for unfluxed toroidal orientifolds in |1U5] . Subsequently the same 
collaboration in [f 06] made an educated guess for the behaviour of these loop 
corrections for general smooth Calabi-Yau three-folds by trying to understand 
how the toroidal calculation would generalise to the Calabi-Yau case. To be self- 
contained, we therefore briefly review the main aspects of the toroidal orientifold 
calculation of |105j . 



Exact calculation: N = 2 K3 x T 2 and N = 1 T 6 /(Z 2 x Z 2 ) 

The string loop corrections to N — 1 supersymmetric T 6 / (Z 2 x Z 2 ) orientifold 
compactifications with D3- and D7-branes follow by generalising the result for 
N = 2 supersymmetric K3 x T 2 orientifolds. Therefore we start by outlining the 
result in the second case. 

The one-loop corrections to the Kahler potential from Klein bottle, annulus 
and Mobius strip diagrams are derived by integrating the one-loop correction to 
the tree level Kahler metric. These corrections are given by 2-point functions 
and to derive the corrections SK( gg } it is sufficient to compute just one of these 
correlators and integrate, since all corrections to the Kahler metric come from 
the same 8K( gs y From [105j the one-loop correction to the 2-point function of 
the complex structure modulus U of T 2 is given by, dropping numerical factors: 

(VuVu) ~ - (pi ■ pa) 9 2 s a'- 4 V i ^^£ 2 (A, U), (5.1) 

where V4 is the regulated volume of the four dimensional space-time, vol(T 2 ) s 
denotes the volume of T 2 in string frame and A\ are open string moduli. The 
coefficient £ 2 (Aj, U) is a linear combination of non-holomorphic Eisenstein series 
E 2 (A, U) given by: 



E 2 {A,U)= 2^ ,„ , „| r ,4 ex P 



\n + mill 



' .A(n + mU) + A(n + mU) 

2m = 

U + U 



(5.2) 



(n,m)^(0,0) 

The result ( 15. ip is converted to Einstein frame through a Weyl rescaling: 

vol(K3x T 2 ) 



(VuVtr) E = (VuVtr). 7777^7777^, (5-3) 
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giving: 



j„-4„ £ 2 (A,,U) 



(VuV B ) ~-fa^)^'-V 4 (c7+ . )2 — . (5.4) 

Writing the volume of the K3 hypersurface in Einstein frame, vol(K3) s = e v vol(K3) e, 
produces the final result: 

(^)~-( Pl -p,) g .V-V 4 (y ^_ )2 ^ . (5.5) 
Now noticing that: 

dudtjE 2 (A,U) ~ - E2{A '% (5.6) 
{U + U) 

we can read off from (15.51) the 1-loop correction to the kinetic term for the field U, 
and using voI(K3)e = t, the 1-loop correction to the Kahler potential becomes: 



Re (S) t 



6K (9s) = c-FTTTTn^' ( 5 - 7 ) 



where a full analysis determines the constant of proportionality c to be c = 
— 1/ (1287r 4 )0. This procedure can be generalized to evaluate the loop corrections 
in the N = 1 supersymmetric T 6 /(Z2 x Z2) case, obtaining: 

where 8KF% comes from the exchange between D7 and D3-branes of closed 
strings which carry Kaluza-Klein momentum, and gives (for vanishing open string 
scalars) : 

5K <" ^ = "^4 iwew. • ( 5 - 9 ) 



128tt 4 ^ Re (5) t< 



The other correction can again be interpreted in the closed string channel 

as coming from the exchange of winding strings between intersecting stacks of 
-D7-branes. These contributions are present in the N = 1 case but not in the 
N = 2 case. They take the form: 



1 The constant c given here differs from the one calculated in |105j only by a factor of (— 7r 2 ) 
due to different conventions. In fact, in |105j the correction (|5.7p takes the form 5Kr g \ = 

-flmWmfe With Im ^) ^ SE and Im ( T ) s vfe- 
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Generalisation to Calabi-Yau three-folds 



The previous calculation teaches us that, regardless of the particular background 
under consideration, a Weyl rescaling will always be necessary to convert to four- 
dimensional Einstein frame. This implies the 2-point function should always be 
suppressed by the overall volume: 

(VuV D ) s ~ g(U, T, S) (V v Vu) E ~ g(U, T, S)—. (5.11) 

YE 

This allowed |1U6] to conjecture the parametric form of the loop corrections even 
for Calabi-Yau cases. g(U, T, S) originates from KK modes as TTIj^k and so should 
scale as a 2-cycle volume t. Conversion to Einstein frame then leads to: 

8KM ~V g(U)±—^ — = V- — , { K ' , 5.12 

1=1 8=1 v ' 

where ait 1 is a linear combination of the basis 2-cycle volumes £/. A similar line 
of argument for the winding corrections (where the function g(U,T,S) goes as 
m w ~ ^ X ) gives: 

i=i v ' 

Notice that Cf K and are unknown functions of the complex structure 
moduli and therefore this mechanism is only useful to fix the leading order de- 
pendence on Kahler moduli. This is similar to the Kahler potential for matter 
fields whose dependence on Kahler moduli can be extracted by scaling arguments 
[179J, while the complex structure dependence is unknown. Fortunately it is the 
Kahler moduli dependence that is more relevant in both cases due to the fact 
that complex structure moduli are naturally fixed by fluxes at tree-level. On the 
other hand, the Kahler moduli need quantum corrections to be stabilised and are 
usually more relevant for supersymmetry breaking. 

We now turn to trying to understand the loop corrections from a low-energy 
point of view. 



5.1.2 Low energy approach 

The low energy physics is described by a four dimensional supergravity action. 
We ask here whether it is possible to understand the form of the loop corrections 
in terms of the properties of the low energy theory, without relying on a full string 
theory computation. 
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We first ask what one could reasonably hope to understand. The form 
of equations (15.91) and (I5.10P show a very complicated dependence on the com- 
plex structure moduli, and a very simple dependence on the dilaton and Kahler 
moduli. The dependence on the complex structure moduli is associated with an 
Eisenstein series originating from the structure of the torus, and so we cannot 
expect to reproduce this without a full string computation. On the other hand 
the dilaton and Kahler moduli appear with a very simple scaling behaviour. This 
we may hope to be able to understand using low-energy arguments, and to be 
able to conjecture the generalisation to the Calabi-Yau case. 

There is one paper in the literature that has already tried to do that. In 
an interesting article |102j . von Gersdorff and Hebecker considered models with 
one Kahler modulus r, such that V = r 3 / 2 = R 6 r = i? 4 , and argued for 
the form of SK? 1 ^ using the Peccei-Quinn symmetry, scaling arguments and the 
assumption that the loop corrections arise simply from the propagation of ten 
dimensional free fields in the compact space and therefore do not depend on M s . 
This led to the proposal: 

SKffi ~ r- 2 . (5.14) 

However, at the level of the Kahler potential (but not the scalar potential) this 
result disagrees with the outcome of the exact toroidal calculation (15.91) . It seems 
on the contrary to reproduce the corrections due to the exchange of winding 
strings (15.101) . but as mw > M s > ttikk we do not expect to see such corrections 
at low energy. In reality, SK? ) should contain all contributions to the 1-loop 
corrections to the kinetic term of r. From the reduction of the DBI action we 
know that r couples to the field theory on the stack of _D7-branes wrapping the 4- 
cycle whose volume is given by r. It therefore does not seem that the string loop 
corrections will come from the propagation of free fields as r will interact with 
the corresponding gauge theory on the brane. In fact the reduced DBI action 
contains a term which looks like: 

SSdbi D J d 4 xy/^rF^F^, (5.15) 

and when r gets a non-vanishing VEV, expanding around this VEV in the fol- 
lowing way: 

r=(r)+r', (5.16) 

we obtain: 

53 D bi D j d^x^^> «r) F^F^ + r'F^F^) . (5.17) 

From the first term in (15.171) we can readily read off the coupling constant 
of the gauge group on the brane: 
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A v 



Figure 5.1: Coupling of the Kahler modulus with the gauge fields on the brane. 



where we have added to render it correctly dimensionless. On the other hand, 
the second term in (15.171) will give rise to an interaction vertex of the type shown 
in Figure 5.1 that will affect the 1-loop renormalisation of the r kinetic term. 

In any ordinary quantum field theory, generic scalar fields (p get 1-loop 
quantum corrections to their kinetic terms (wavefunction renormalisation) of the 
form: 

J d'x^^) 1 - (1 + A) dpcp&tp, (5.19) 

2 

where A is given by A ~ jf^-, with g the coupling constant of the gauge interac- 
tion this scalar couples to. 

t is a modulus and not a gauge-charged field. Nonetheless, we still expect 
loop corrections to generate corrections to the moduli kinetic terms. We expect 
to be able to write the kinetic terms as: 

Kfj = Kfj tTee + $Kfji_i oop . (5.20) 

We also expect the loop correction to the kinetic term to always involve a sup- 
pression by the coupling that controls the loop expansion. This is the analogue 
to the correction in (15.191) depending on the gauge coupling constant, which con- 
trols the loop expansion of ordinary field theory. For a brane wrapping a cycle 
r, the value of r is the gauge coupling for branes wrapping the cycle, and we 
expect loop corrections involving those branes to involve a suppression, relative 
to tree- level terms, by a factor of r (see |108] for related arguments). 

This is not a rigorous derivation, but we consider this a reasonable assump- 
tion. We will find that it gives the correct scaling of the loop correction for the 
toroidal case where the correction has been computed explicitly, and that, while 



112 



CHAPTER 5. SYSTEMATICS OF STRING LOOP CORRECTIONS 



it has a different origin, it agrees with the BHP conjecture for the parametric 
form of loop corrections in the Calabi-Yau case. The loop corrections to the 
Kahler potential K should then be such as to generate corrections to the kinetic 
terms for r that are suppressed by a factor of g 2 for the gauge theory on branes 
wrapping the cycle r. The Kahler potential upon double differentiation yields 
the kinetic terms in the four dimensional Einstein frame Lagrangian: 



S Einstein ^ 



and the general canonical redefinition of the scalar fields: 

r^^ = ^(r), (5.22) 
will produce a result similar to f)5.19p . which implies: 



d\ Ktree) i d 2 {*K«) 1 1 



g 2 



, (5.23) 



dr 2 2' dr 2 2 2 16vr 2 

and thus: 

92 K») „ iL^lM (5 24) 

dr 2 16tt 2 dr 2 ' V ' } 

Using equation fl 5 . 1 8 [) we then guess for the scaling behavior of the string loop 
corrections to the Kahler potential: 

92 Hg) /Migy ^ 

167r 2 T Qt 2 ' ^ " ) 

where we have introduced an unknown function of the dilaton f(Re(S)) represent- 
ing an integration constant!!. However we may be able to use similar reasoning 
to determine f(Re(S)). The same correction 5K^, upon double differentiation 
with respect to the dilaton, has to give rise to the 1-loop quantum correction to 
the corresponding dilaton kinetic term. We also recall that S couples to all field 
theories on D3-branes as the relative gauge kinetic function is the dilaton itself. 
Using the same argument as above we end up with the further guess for 5K^: 

92 )) Kr) 1 (K tree ) ^ h(r) 1 

dRe(S) 2 ~ 16tt 2 Re(S) dRe(S) 2 16vr 2 Re(S) 3 ' l ' ' 



2 In general there should be also an unknown function of the complex structure and open 
string moduli but we dropped it since, as we stated at the beginning of this section, its full 
determination would require an exact string calculation. 
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where h(r) is again an unknown function which parameterises the dependence 
on the Kahler modulus. Integrating (15.261) twice, we obtain: 

SK ^ ~ wMs-y (5 - 27) 

where h(r) can be worked out from (15.251) : 

d 2 (h(r)) 1 d 2 (K tree ) 



dr 2 r dr 2 



(5.28) 



We now apply the above methods to several Calabi-Yau cases, comparing 
to either the exact results or the conjecture of equation (15.121) . 



Case 1: N = 1 T 6 /(Z 2 x Z 2 ) 

We first consider the case of toroidal compactifications, for which the loop cor- 
rections have been explicitly computed [105J. In that case the volume can be 
expressed as (ignoring the 48 twisted Kahler moduli obtained by blowing up 
orbifold singularities) : 

V = Vn^n, (5-29) 

and so (I5.28P takes the form: 



9 2 («£0 /(Re(S))l 



dr 2 167T 2 if 

Upon integration we get: 



Vi = l,2,3. (5.30) 



^-ib 1 ^ Vl = 1 - 2 ' 3 - (5 ' 31) 

Now combining this result with the analysis for the dilatonic dependence of the 
string loop corrections, we obtain: 

which reproduces the scaling behaviour of the result (15. 9p found from string 
scattering amplitudes. 



Case 2: CP* M9] (18) 

We next consider loop corrections to the Kahler potential for an orientifold of the 
Calabi-Yau CP^f x 1 6 9 i(18). We will compare the form of (I5.12p to that arising 
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from our method (15. 28p to work out the behaviour of 5K^, finding again a 
matchingJl In the large volume limit we can write the volume as follows: 

V = ^(ri! /2 -rr)-rr, (5.33) 

and f)5.12p becomes: 

nKK r=- nKK r=- nKK r=- nKK 

SK™ ~ 4 V 4 + 5 V 5 ~ 4 V 4 + . (5.34) 

{9s) Re (5) V Re (5) V Re(5)V Re(5)r 5 1 ; 



From the tree-level Kahler matrix we read: 

<9 2 (iftree) 1 & (K t re 



drl JnV drl rl 



(5.35) 



4 <^'5 '5 



Requiring loop corrections to be suppressed by a factor of g c for the field-theory 
on the brane gives: 

" ^Kll) . i i i 

Re(s) 3/2 v 

igtt 2 Re(5) 5? 

which, upon double integration, matches exactly the scaling behaviour of the 
result QSMD - 



Case 3: CJ* 1Aa>a5 (12) 

As another example we study the expected form of loop corrections for the case 
of the Calabi-Yau manifold CP[ 4 122 6 ](12), defined by the degree 12 hypersurface 
embedding. This Calabi-Yau is a K3 fibration and has (h 1,1 , h 2,1 ) = (2, 128) with 
X = —252. Including only the complex structure deformations that survive the 
mirror map, the defining equation is: 

z\ 2 + z\ 2 + zl + z\ + zl- 12il)ZxZ 2 z 3 Z4Z& - 2§z\z\ = 0. (5.37) 

In terms of 2-cycle volumes the overall volume takes the form: 

V = tl t 2 2 + y% (5.38) 

giving relations between the 2- and 4-cycle volumes: 

n = t 2 2 , r 2 = 2t 2 (ti + t 2 ) , 

h = y/n, h = ^— (5.39) 

3 We note that the topology of CP^ 116 g j (18) does not allow to have 5KY£ \ ^ |180j . 
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allowing us to write: 

V = lVn (t 2 -=ti). (5.40) 



Let us now investigate what the arguments above suggest for the form of 
the string loop corrections for the CPS l2 2 6] m °del should look like. Applying 
(I5.12p and H5 . 1 3[) for the one-loop correction to K, we find: 



SK ^ ~ Re(S)V + ReTS)V' ({U1) 



along with: 



1/ ' \ ~ h 

V r 2 - 2n 



^)~ r rr^ L ^ + TT 1 ^- (5-42) 



The arguments summarised in the relation (I5.28P reproduce exactly the behaviour 
of these corrections. The tree-level Kahler metric reads: 

d 2 (K tree ) 1_ 2n d 2 (K tree ) _ 1 n 

<9r 2 r 2 + 9V 2 ' <9r 2 2 V 2 ' 1 j 

Given that we are interested simply in the scaling behaviour of these corrections, 
we notice that either in the case T\ < r 2 such that: 

1 — I 2 \ 3/2 3/2 



V = -Vn ( r 2 - -n 1 ~ ~ r 2 J/z , (5.44) 

or in the large volume limit T\ <C r 2 where: 

V ~ v^r 2 , (5.45) 
the matrix elements (I5.43P take the form: 



d 2 (K^) 1 2 {K t , 



L £ree j 



drf t 2 ' <9r 2 2 r 2 2 ' 

We can now see that our method (I5.28P yields: 



(5.46) 



(5.47) 



97f ~ Re(S)n Srf w "G?.,rO Re(S) 

§^ 167r 2 Re(S)r 2 8t% ^^ UI ^(9s,t 2 ) Re(5)r 2 

which, both in the case T\ < r 2 and n <C T2, matches the scaling behaviour of 
(E3U): 



nKK o nKK r=r nKK nKK 
rKK L l T 2 ~ ZT 1 L 2 V T 1 W L 2 

~ Re (S) V 2^ Re (5) V ~ Re (5) n Re (5) r 2 ' 
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5.2 Extended no-scale structure 

The examples in the previous section give support to the notion that loop cor- 
rections to the Kahler potential can be understood by requiring that the loop- 
corrected kinetic terms for a modulus r are suppressed by a factor of g 2 for 
the gauge group on branes wrapping the r cycle. We repeat again that these 
arguments only apply to moduli that control loop factors. 

While not proven, we now assume the validity of this parametric form of 
the corrections and move on to study the effect of such corrections in the scalar 
potential. We shall show that the leading contribution to the scalar potential is 
null, due to a cancellation in the expression for the scalar potential. We shall 
see that this cancellation holds so long as is an homogeneous function of 

degree n = —2 in the 2-cycle volumes. We call this "extended no scale structure" , 
as the cancellation in the scalar potential that is characteristic of no-scale models 
extends to one further order, so that compared to a naive expectation the scalar 
potential is only non-vanishing at sub-sub-leading order. Let us state clearly the 
"extended no-scale structure" result: 

Let X be a Calabi-Yau three-fold and consider type IIB N = 1 
four dimensional supergravity where the Kahler potential and the su- 
perpotential in the Einstein frame take the form: 

K = Ktree + 5K, . 

5.49 

W = W . 

If and only if the loop correction 5K to K is a homogeneous function 
in the 2-cycles volumes of degree n = —2, then at leading order: 

5V {gs) = 0. (5.50) 

We shall provide now a rigorous proof of the previous claim. We are interested 
only in the perturbative part of the scalar potential. We therefore focus on: 



/ •• x \W\ 

SV {gs) = (KVdiKdjK - 3) LJ-, (5.51) 



where K = — 21n(V) + 8K^ 9s y We focus on SK coming from g s (rather than 
a') corrections. We require the inverse of the quantum corrected Kahler ma- 
trix, which can be found using the Neumann series. Introducing an expansion 
parameter e, and writing K tree as K , we define: 

=!,••• M 



dTidrj J . . , , I dridrj 
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and have: 

K ij = (/C + e5IC) ij = (/C (l + eK^8K)Y = (l + eK^SlCf K l Q j . (5.53) 
Now use the Neumann series: 

(1 + eJC^dJCf = 5j - eKi m SK ml + e 2 K l m 8K mp K p q 8K ql + 0(e 3 ), (5.54) 
to find: 

K ij = Kg - eK™5K ml K l j + e 2 K^5K mp Kl q 5K ql K l i + 0(e 3 ). (5.55) 
Substituting (15.551) back in (I5.5ip . we obtain: 

) 



SV ias) = V + e5V l + e 2 5V 2 + 0(e 3 ), (5.56) 



where V = (KqKVKj — 3) ^j- = due to (12.901) is the usual no-scale structure 
and: 

' 8Vi = (^KgKfSKj - K™5K ml K l jK«Kf) 

6V 2 = (KgSKiSKj - 2K* m 6K ml K l J K°6K ] (5.57) 

We caution the reader that (15.561) is not a loop expansion of the scalar potential 
but rather an expansion of the scalar potential arising from the 1-loop quantum 
corrected Kahler metric. The statement of extended no-scale structure is that 
SVi will vanish, while 5V 2 will be non- vanishing. Recalling (I2.89p . 5V\ simplifies 
to: 

*txv\\ |jy| 2 
dr m dn J V 2 

Let us make a change of coordinates and work with the 2-cycle volumes instead 
of the 4-cycles. Using the second of the relations (12.541) . we deduce: 



/ d{8K) d 2 {5K)\ \w\ 



^wr u h (5 - 59) 

and: 

d 2 1 d 2 I A d (A 1 ?) d 

r m Ti- — — = —tit j. + -AiiUtk—- — — . (5.60) 

dr m dri 4 dtidt k 4 dt k dt p 

From the definition (12.53P of An, we notice that An is an homogeneous function 
of degree n — 1 V7,i. Inverting the matrix, we still get homogeneous matrix 
elements but now of degree n — — 1. Finally the Euler theorem for homogeneous 
functions, tells us that: 

d (A lp ) 

tk dU =i ~ 1)AlP > (5 ' 61) 
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which gives: 



and, in turn: 



92 1 ° 2 1 9 

TmTl d^ l ~ i utk dm k ~ i tp dT> (5 - 62) 



sv 1 fo. d(6K) &(6K) \ \W\ 



(5.63) 



The form of equation (15. 12p suggests that for arbitrary Calabi-Yaus the string 
loop corrections to K will be homogeneous functions of the 2-cycle volumes, and 
in particular that the leading correction will be of degree —2 in 2-cycle volumes. 
Therefore if the degree of 8K is n, the Euler theorem tells us that: 



\W\ 2 l,„ \W\ 2 1 



SV X = —yri (3n + n(n - 1)) 8K = -LJ__ n ( n + 2 )8K. (5.64) 

It follows then, as we claimed above, that only n = —2 implies 8V% = 0. In 
particular, from the conjectures (15.121) and (15. 13ft . we see that: 



n = -2 for 6 KM, 
n = -4 for 8Kf gaV 



(5.65) 



and so: 

XT '(9,),1 



X V KK _ n 



W _ OXlfW \w\ 2 



(5.66) 

5.2.1 General formula for the effective scalar potential 



Let us now work out the general formula for the effective scalar potential eval- 
uating also the first non- vanishing contribution of 8 KM, that is the e 2 terms 
f lBTBTj) in V: 

8V 2 = [K^5K l 8K j -2Kl m 8K ml K^K° t 8K 

+K* m 5K mp K™5K ql K l ( iK°K^ & (5.67) 
Using (FJSHD, 6V 2 simplifies to: 

|2 

V 2 

We now stick to the case where 8K^ is given by the conjecture (I5.12p . Consid- 
ering just the contribution from one modulus (as the contributions from different 
terms are independent), and dropping the dilatonic dependence, we have: 



5V, = (KS5K.SK, + 2r mS K m ,K^K, + r m r, SKml K» S K m ) (5.6* 



SK^SKffi tTa ~±Jl. ,0.00) 
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From (I5.69P we notice that: 



;9{SK) _ nKKAmi ( t a d{V) , 5 aj 



5K m = A <«^- = C*"A>°'\-$-^ + f) (5.70) 
= Cf* (-^ + 4^) = -C? K KL, (5-71) 



thus: 



J*?**, = -C« K K%K% = -C« K b ai . (5.72) 
With this consideration (15.681) becomes: 

I TT7" I ^ 

W 2 = (-C« K 5K a - 2C« K T m 5K ma + T m r q 6K ml K l p 6K pq ) LJ-. (5.73) 
We need now to evaluate: 

= ^£ { A " 8J ^ 1 ) = ^£ < f *> = ~ 2SK - (5 - 74) 

that yields: 

5^2 = (^? K 8K a + 4C? K 6K a + 45K l K l *6K p y^= (5.75) 

= (-Cf* SK a + 4£f *5K a - 4Cf^^ a ) (5.76) 

= -Cf^ B l^. (5.77) 

With the help of the relation (15.701) and replacing the dilatonic dependence, we 
can write the previous expression in terms of the tree-level Kahler metric: 

(c KK ) 2 \W\ 2 

Putting together (15. 66ft and (15.781) . we can now write the quantum correction to 
the scalar potential at leading order at 1 loop for general Calabi-Yaus, in terms 
of the cycles % wrapped by the branes and the quantum corrections to the Kahler 
potential: 



c v l-loop _ / ( c f A ) K _ OSK W 1 W o 



(5.79) 

We emphasise that this formula assumes the validity of the BHP conjecture, 
and only focuses on corrections of this nature. Moreover, we considered branes 
wrapped only around the basis 4-cycles. If this were not the case, we should 
replace the first term K~ with the more general combination Kf^ — ► dikdijK^.j. 
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Finally we point out that, due to the extended no-scale structure, in the 
presence of non-perturbative contributions to the superpotential, it is also impor- 
tant to check that the leading quantum corrections to the general scalar potential 
( 13. Sp are indeed given by (15.791) and the contribution to the non-perturbative part 
of the scalar potential generated by string loop corrections 

/ \ \W\ 2 

5V {np) = {^WiSK^jW + SK^WW) L_L, (5.80) 

is irrelevant. A quick calculation shows that this is indeed the case0 



5.2.2 Field theory interpretation 

We now interpret the above arguments and in particular the existence of the 
extended no-scale structure in light of the Coleman- Weinberg potential |181j ,^l 
We will see that this gives a quantitative explanation for the cancellation that is 
present. The Coleman- Weinberg potential is given in supergravity by (e.g. see 
P51 ITM]): 



A 4 STr (M°) In (jpj + 2A 2 STr (M 2 ) + STr (V In ) 

(5.81)' 



where /x is a scale parameter, A the cut-off scale and: 

STr (M n ) = (- 1 ) 231 ( 2 3i + !) m l ( 5 - 82 ) 



is the supertrace, written in terms of the the spin of the different particles ji and 
the field- dependent mass eigenvalues 7?v 

The form of (I5.8ip gives a field theory interpretation to the scalar potential 
found in section 15.2.11 Let us try and match the 1-loop expression with the po- 
tential (15.811) interpreting the various terms in the Coleman- Weinberg potential 
as different terms in the e expansion in (I5.56p . We first notice that in any spon- 
taneously broken supergravity theory, STr (M°) = 0, as the number of bosonic 
and fermionic degrees of freedom must be equal. The leading term in (I5.8ip is 
therefore null. 

We recall that due to the extended no-scale structure the coefficient of the 
(9(e) term in (15.561) is also vanishing. Our comparison should therefore involve 



4 We shall not discuss the effects of higher loop contributions to the scalar potential. We 

expect that these will be suppressed compared to the one-loop contribution by additional loop 

factors of (167r 2 ), and so will not compete with the terms considered in (|5.79[) . 

5 For a previous attempt at matching string effective actions onto the Coleman- Weinberg 



potential, see [182 
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the leading non-zero terms in both cases. In the following paragraphs, we will 
re-analyse the three examples studied in section 15.11 and show how we always 
get a matching. This gives a nice physical understanding of this cancellation at 
leading order in SV^ t _ loop which is due just to supersymmetry: the cancellation 
must take place if the resulting 1-loop potential is to match onto the Coleman- 
Weinberg form. Supersymmetry causes the vanishing of the first term in (15.811) 
and we notice, for each example, that the second term in (I5.8ip scales as the 
0(e 2 ) term in (I5.56p . therefore, in order to match the two results, the 0(e) term 
in (15.561) also has to be zero. This is, in fact, what the extended no-scale structure 
guarantees. 

We note here that both with the use of the supergravity expression for 
the Coleman- Weinberg formula and for the earlier discussions of section 6.1, su- 
persymmetry has played a crucial role. In the Coleman- Weinberg formula, the 
presence of low-energy supersymmetry is used to evaluate the supertraces and 
to relate these to the gravitino mass. In the discussion of kinetic terms, the fact 
that the corrections are written as corrections to the Kahler metric automatically 
implies that the structure of low-energy supersymmetry is respected. 

Case 1: N — 1 T 6 /(Z 2 x Z 2 ) 

The case of the N — 1 toroidal orientifold background was studied in sections 
15.1.11 and 15.1.21 We here treat all three moduli on equal footing, reducing the 
volume form (15.291) to the one-modulus case: 



We write out very explicitly the correction to the scalar potential due to the 
correction to the Kahler potential as computed in |105j . We focus only on the 
Kahler moduli dependence. The tree level Kahler potential is: 




3/2 



(5.83) 



We therefore take: 



(n) ~ (r 2 ) ~ (r 3 ) . 



(5.84) 



K 



31n(T + T) 



and the loop-corrected Kahler potential has the form: 



K 



3 ln(T + T) + 



e 



[T + fy 



The scalar potential is: 
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Evaluated, this gives: 



v = M%_ f | x Q(e) | 0(e 2 



(T + T) 3 V. T + T (T + T) 2 
Mp6 - Mp£ (5.85) 



(T + T) 5 V 10 / 3 ' 

The cancellation of the 0(T + T) -3 term in (I5.85P is due to the original no- 
scale structure. The cancellation of the 0(T + T)~ 4 term in (I5.85P is due to 
the extended no-scale structure that is satisfied by the loop corrected Kahler 
potential, giving a leading contribution at 0(T + T)~ 5 . This gives the behaviour 
of the leading contribution to the scalar potential, which we want to compare 
with the Coleman- Weinberg expression. 

To compare with (15.811) we recall that in supergravity the supertrace is 
proportional to the gravitino mass: 

STr (M 2 ) ~ m 2 /2 . (5.86) 

The dependence of the gravitino mass on the volume is always given by: 

m 2 3/2 = e K W* ~ ^ =► STr (M 2 ) ~ ^. (5.87) 

We must also understand the scaling behaviour of the cut-off A. A should be 
identified with the energy scale above which the four- dimensional effective field 
theory breaks down. This is the compactification scale at which many new KK 
states appear, and so is given by: 

M s M s 11 M P . 

A = mKK s _ = _ = --M P = ^. (5.88) 

In units of the Planck mass, (15.811) therefore scales as: 

5V^ loop ~ ■ A 4 + A 2 STr (M 2 ) + STr ^M 4 In ^ ~ 

in agreement with (15.851) . 



Case 2: CP 4 i1i1i6i9] (18) 

This case, studied in section 15.1.21 is more involved, as it includes two Kahler 
moduli, the large modulus T& ~ V 2 ^ 3 and the small modulus r s . The effective 
potential gets contributions from loop corrections for both moduli and in these 
two cases, (I5.5ip takes the form (the dilaton is considered fixed and its dependence 
is reabsorbed in C^ K and Cf~ K ) : 
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-2 



1. Big modulus 



' )V ( 9s ),l-loo P ~ [0 n + r 2 + r 3 + O ^ ) j y2 

.cr + ^l + ^MT ]wS . (5 ,o, 



2. Small modulus 

,3 



(5.91) 

In the Coleman- Weinberg potential, the supertrace has the same scaling 
~ V -2 as in f)5.87p . but there now exist different values of the cut-off A for the 
field theories living on branes wrapping the big and small 4-cycles: 



l 1 m — M f 

b 

A s = m KK , s ^ ^TTi^Mp. 



A b = rriKKfi - — 7y M P - ^3- 

b 

i i 



(5.92) 



/ 

/ 

/ 

/ 

/ 



/ 

/ 



-< 1/Mp 



\ 

\ 



Figure 5.2: Coupling of the big modulus KK modes to a generic field $ s living 
on the brane wrapping the small 4-cycle. 



The existence of two cut-off scales requires some explanation. At first 
glance, as A b < A s and the KK modes of the big Kahler modulus couple to 
the field theory on the brane wrapping the small 4-cycle, one might think that 
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there is just one value of the cut-off A, which is given by = rriKK,b- This corre- 
sponds to the mass scale of the lowest Kaluza-Klein mode present in the theory. 
For a field theory living on a brane wrapping the large cycle, this represent the 
mass scale of Kaluza-Klein replicas of the gauge bosons and matter fields of the 
theory. However, we do not think this is the correct interpretation for a field 
theory living on the small cycle. The bulk Kaluza-Klein modes are indeed lighter 
than those associated with the small cycle itself. 



-< 1/M, 



\ s 



Figure 5.3: Coupling of the small modulus KK modes to a generic field $ s living 
on the brane wrapping the small 4-cycle. 



However it is also the case that the bulk modes couple extremely weakly 
to this field theory compared to the local modes. The bulk modes only couple 
gravitationally to this field theory, whereas the local modes couple at the string 
scale |113j . In the case that the volume is extremely large, this difference is 
significant. For a field theory on the small cycle, the cutoff should be the scale 
at which KK replicas of the quarks and gluons appear, rather than the scale at 
which new very weakly coupled bulk modes are present. As the local modes are 
far more strongly coupled, it is these modes that determine the scale of the UV 
cutoff. This is illustrated in Figure 5.2 and 5.30 



6 Notice that the cut-off dependence of the STr(M 2 ) term could potentially be dangerous 
for the stability of the magnitude of soft terms computed for this model in references (1101 1112] . 
With our analysis here it is easy to see that the contribution of this term to the scalar potential 
and then to the structure of soft breaking terms is suppressed by inverse powers of the volume 
and is therefore harmless. 
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We now move on to make the matching of (15.901) and (15.911) with the 
Coleman- Weinberg potential (I5.8ip . For the big modulus, we find: 

5V^ loop ~ 0-At + AlSTr(M 2 )+STr(^MHn(^j 

111 

- ' ys73 + yTo73 + yl' t 5 ' 93 ) 

which yields again a scaling matching that of (I5.90p . For the small modulus we 
obtain, proceeding as in the previous case: 

<5Vi-l«* = ■ A; + A 2 STr (M 2 ) + STr Ul' In (jP\) ^ 

where we have a matching only of the second term of (I5.94p with the second 
term of (15.911) . This is indeed the term which we expect to match, given that 
is the first non-vanishing leading contribution to the effective scalar potential at 
1-loop. There is no reason the first terms need to match as they have vanishing 
coefficients. 

As an aside, we finally note that the third term in (15.911) can also match with 
the Coleman- Weinberg effective potential, although we should not try to match 
this with the third term in (I5.8ip but with a subleading term in the expansion of 
the second term in (15.811) . This is due to the fact that we do not have full control 
on the expression for the Kaluza-Klein scale (I5.92p . In the presence of fluxes, 
this is more reasonably given by (for example see the discussion in appendix D 
of [106]): 

1 M P ( 1 \ 1 M P 1 M P 
2 1 M 2 P 2 Mj, 

This, in turn, produces: 

In this case the second term in (15.961) reproduces the scaling behaviour of the 
third term in (15.911) . 



Case 3: C^ 1Aa><fl (12) 

In section 15.1.21 we have seen that there are two regimes where the case of the 
K3 fibration with two Kahler moduli can be studied. When the VEVs of the two 
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moduli are of the same order of magnitude, they can be treated on equal footing 
and the volume form (I5.40p reduces to the classical one parameter example which, 
as we have just seen in section 15". 2 .21 gives also the scaling behaviour of the toroidal 
orientifold case. We do not need therefore to repeat the same analysis and we 
automatically know that the scaling of our general result for the effective scalar 
potential at 1-loop matches exactly the Coleman- Weinberg formula also in this 
case. 

The second situation when r 2 ^> T\ is more interesting. The relations (15.391) 
tell us that the large volume limit r 2 T\ is equivalent to t x ^> t 2 and thus they 
reduce to: 

n = tl, T 2 ~2t 2 t x , V ~~JF X T 2 ~t x t\. (5.97) 
The KK scale of the compactification is then set by the large 2-cycle t\\ 

M s M P . 
m KK ~ — = ~ — , (5.98) 
yt\ t\i2 

while in the large volume limit the gravitino mass is: 

M P M P . 
%/2 ~ -y ~ ^| ■ (5-99) 

The bulk KK scale is therefore comparable to that of the gravitino mass, and it 
is not clear that this limit can be described in the language of four-dimensional 
supergravity. Let us nonetheless explore the consequences of using the same 
analysis as in the previous sections. The evaluation of (I5.56P gives (reabsorbing 
the VEV of the dilaton in Cf K and Cf K ): 

1. Small modulus T\ 

( C? K a 21 (C? K ) 2 a 31 (C? K ) , , 



2. Big modulus r 2 



- (o • c?*$ + °v to 2 % + «a, 2 en* f) wi 

(5.101) 

Let us now derive the two different values of the cut-off A for the field theories 
living on branes wrapping the big and small 4-cycles. We realise that the Kaluza- 
Klein radii for the two field theories on n and r 2 are given by: 



\ R 2 ^Vh, 



(5.102) 
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and consequently: 

m KK>1 ^ ^ -nh=Mp, 

lr T v ^ (5.103) 
= m KK>2 ~ ^ ~ fM P . 

We note that rriKK,2 coincides with the scale of the lightest KK modes ttikk- 
If we try to match the result (15.1001) for the small cycle with the corresponding 
Coleman- Weinberg potential for the field theory on r\\ 

iVi-to, ~ ■ At + A?STV (Af) + STi Uf In f^j ) ~ 

- 0.^ + -^j + ij, (5.104) 

we do not find any agreement. This is not surprising since effective field theory 
arguments only make sense when: 

but this condition is not satisfied in our case. In fact, using the mass of the lowest 
KK mode present in the theory, we have: 

Energy densities couple universally through gravity, and so this implies an exci- 
tation of Kaluza-Klein modes, taking us beyond the regime of validity of effective 
field theory. Thus in this limit the use of the four- dimensional supergravity action 
with loop corrections to compute the effective potential does not seem trustwor- 
thy, as it gives an energy density much larger than m A KK . 

For the field theory on the large cycle t 2 the Coleman- Weinberg potential 

gives: 



SVt-ioop ~ • A 4 2 + A\STr (M 2 ) + STr ^M 4 In f 



A 2 



- + ^ + (5 ' 107) 

In this case the energy density given by the loop corrections (15.1011) is (marginally) 
less than vn A KK ~ rfV -4 , being smaller by a factor of T\. Equation (I5.107P then 
matches the result (15. 101 j) at leading order. 

Again, we also note as an aside that if we expand the KK scale as in in 
section 15.2.21 then we obtain: 



A 2 = m KK o ~ ^ ( 1 + - + ... 1 M P ~ ( ^ + ^ I M P 




V V 



(5.108) 
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This, in turn, produces: 

3/2 

AjSTr (M 2 ) ~ £ + 2L_ (5.109) 

In this case the second term in (I5.1Q9[) also reproduces the scaling behaviour of 
the third term in (j5.10ip . 



The purpose of this chapter has been to study, as far as possible, the form 
of loop corrections to the Kahler potential for general Calabi-Yau compactifica- 
tions and their effect on the scalar potential. The aim has been to extract the 
parametric dependence on the moduli that control the loop expansion. We have 
contributed to put the proposed form of leading order string loop corrections on 
firmer grounds in the sense that they agree with the low-energy effective action 
behaviour. In particular, it is reassuring that the Coleman- Weinberg formula 
for the scalar potential fits well with that arising from the BHP conjecture for 
the corrections to the Kahler potential. Furthermore, the non-contribution of 
the leading order string loop correction is no longer an accident but it is just a 
manifestation of the underlying supersymmetry with equal number of bosons and 
fermions, despite being spontaneously broken. 

These results are important for Kahler moduli stabilisation. In particular, 
even though the string loop corrections to the Kahler potential are subdominant 
with respect to the leading order a' contribution, they can be more important 
than non-perturbative superpotential corrections to stabilise non blow-up moduli. 
The general picture is that all corrections - a', loop and non-perturbative - play 
a role in a generic Calabi-Yau compactification. We will discuss these matters in 
more detail in chapter 6. 



Chapter 6 

String Loop Moduli Stabilisation 



Given that, in the case of the LARGE Volume Scenario (LVS), the a' corrections 
can play a significant role in moduli stabilisation in the phenomenologically rele- 
vant regime of large volume and weak coupling, it is natural to wonder whether 
g s corrections may also have a significant effect. This is the main topic of this 
chapter. At first sight this seems unavoidable, as at large volume the corrections 
to the Kahler potential induced by string loops are parametrically larger than 
those induced by a' corrections |105j . However, as we have seen in chapter 5, the 
scalar potential exhibits an extended no-scale structure, and the loop corrections 
contribute to the scalar potential at a level subleading to their contribution to the 
Kahler potential, and subleading to the a' corrections [1051 1102] . [1.06J studied 
the effect of loop corrections on the CP^ x 1 6 g i large volume model and found 
it only gave minor corrections to the moduli stabilisation and sub-sub-leading 
corrections to the soft term computation. It is then natural to ask whether loop 
corrections to the scalar potential can give a qualitative, rather than only quan- 
titative, change to moduli stabilisation. 

We study this question in this chapter and find that the answer is affirma- 
tive. The LARGE Volume Scenario stabilises the overall volume at an exponen- 
tially large value using a' and g s corrections. Most previous work has focused 
on 'Swiss-Cheese' Calabi-Yaus, where one cycle controls the overall volume ('size 
of the cheese') and the remaining moduli control the volume of blow-up cycles 
('holes in the cheese'). However for Calabi-Yaus with a fibration structure - the 
torus is the simplest example - multiple moduli enter into the overall volume. For 
the overall volume to be made large in a homogeneous fashion, several moduli 
must become large. In these cases, while the existence of at least one blow-up 
mode is still necessary, loop corrections turn out to be necessary in order to realise 
the LVS and obtain a stable minimum at exponentially large volume. The loop 
corrections lift directions transverse to the overall breathing mode and stabilise 
these. 
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More precisely, the general picture is that in order to find LVS we need 
at least one blow-up mode which resolves point-like singularities. Calabi-Yau 
orientifolds should generically have this property, and so many compactifications 
should present a non-supersymmetric minimum at exponentially large volume. 
All these blow-up modes are stabilised small whereas the overall volume is fixed 
exponentially large due to a' and non-perturbative corrections as in the CPm 1 1 6 g j 
model. However the potential for all the non blow-up moduli, except the overall 
volume, still remains flat, but it will be naturally lifted by string loop corrections. 
This claim is illustrated with a detailed explicit calculation for a K3 fibration 
with 3 Kahler moduli. In Part III of this thesis we shall present some interesting 
cosmological implications of this LVS for K3-fibered Calabi-Yau manifolds. 

We will also show that the string loop corrections may play an important 
role in addressing the problem stressed in [120] . The authors there argued that 
the 4-cycle on which the Standard Model lives, cannot get non-perturbative cor- 
rections since their prefactor is proportional to the VEV of Standard Model fields 
which, at this stage, is required to vanish. However, due to the constraints of the 
Standard Model gauge couplings, this cycle must still be stabilised at a relatively 
small size. 

This problem may be cured through having at least two blow-up modes and 
then adding g s corrections. The loop corrections have the ability to stabilise the 
Standard Model cycle, while the 'transverse' cycle is stabilised non-perturbatively 
as usual. This possible solution is discussed for the example CP^ 3 3 3 5 j(15), 
studied in detail in subsection 6.2.2 (following the discussion of the same model 
performed in subsection 4.2.2 without the inclusion of string loop corrections). We 
will see that the inclusion of the g s corrections can freeze the 4-cycle supporting 
the Standard Model small producing a minimum of the full scalar potential at 
exponentially large volume. 

This chapter is organised as follows. Section 6.1 describes the role played by 
string loop corrections in the LVS for an arbitrary Calabi-Yau compactification, 
while in section 6.2 we illustrate these general remarks by reconsidering all the 
Calabi-Yau examples studied in section 4.2, showing how each of them is modified 
by the inclusion of g s effects. Finally in section 6.3, we discuss the prospects for 
possible phenomenological and cosmological applications of our results. 



6.1 LARGE Volume and string loop corrections 

The results obtained in chapter 5 are very important for Kahler moduli stabilisa- 
tion. The general picture for LVS which we presented in chapter 4, was neglecting 
the effect of string loop corrections to the scalar potential. However just look- 
ing at the Kahler potential we have seen that, in terms of powers of the Kahler 
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moduli, the leading order a' correction (13.51) scales as SK^ ~ y, whereas from 
f)5.12p . the scaling behaviour of the Kaluza-Klein loop correction is ~ 
Naively it seems incorrect to neglect 8K^. while including the effects of 8K^ a iy 
However, as discussed in chapter 5, due to the extended no-scale structure, at the 
level of the scalar potential the a 1 corrections dominate over the g s corrections. 
This allows loop corrections to be neglected compared to a' corrections for the 
stabilisation of the volume. 

However in our general analysis presented in chapter 4, we saw that for 
fibration models the inclusion of a' corrections still left almost flat directions cor- 
responding to non blow-up moduli orthogonal to the overall volume. Loop cor- 
rections to the scalar potential are much more important than non-perturbative 
superpotential corrections, and we realise that they can play a crucial role in 
stabilising these non blow-up moduli transverse to the overall volume. 

Thus we conclude that the extended no-scale structure renders the LVS 
robust not only because it allows SV( gs ) to be neglected when stabilising the 
volume, but also because it ensures that when <5V( 9s ) is introduced to lift the 
remaining flat directions, even though it will reintroduce a dependence in V on 
V and blow-up moduli, it will not destroy the minimum already found but will 
give just a small perturbation around it. 

The general picture is that all corrections - a', loop and non-perturbative 
- play a role in a generic Calabi-Yau compactification. We can summarise our 
general analysis for the LVS as: 



1. In order to stabilise all the Kahler moduli at exponentially large volume one 
needs at least one 4-cycle which is a blow-up mode resolving a point-like 
singularity (a del Pezzo complex surface). 

2. This 4-cycle, together with other blow-up modes possibly present, are fixed 
small by the interplay of non-perturbative and a' corrections, which stabilise 
also the overall volume mode. 

3. The g s corrections are subleading and so can be safely neglected. 

4. All the other 4-cycles, as those corresponding to fibrations, even though 
they have non-perturbative effects, cannot be stabilised small. Thus they 
are sent large so making their non-perturbative corrections negligible. 

5. These moduli, which are large and transverse to the overall volume, can then 
be frozen by g s corrections, which dominate over the (tiny) non-perturbative 
ones. 



In general SV( 9s ) only lifts the flat directions associated to non blow-up 
moduli transverse to the overall volume. One could wonder whether they indeed 
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yield a real minimum for such moduli as opposed to a runaway direction. We do 
not address this problem in general terms here and so in principle this looks like a 
model-dependent issue. However, as the overall volume is stabilised, the internal 
moduli space is compact. Therefore these non blow-up moduli cannot run-away 
to infinity and so we expect that loop corrections will induce a minimum for 
the potential. In fact, one example in the next section will illustrate this idea 
explicitly. 



6.2 Moduli stabilisation via string loop correc- 



We will now see in detail how the inclusion of string loop corrections can affect 
the results found in the previous examples which, neglecting g s corrections, can 
be summarised as: 

1. CPm 116 9 ] (18) — > LVS without flat directions. 

2. 3-parameter K3 fibration with T\ 'small' and a\T\ > a 3 (r 3 ) — > LVS with an 
almost flat direction. 

3. 3-parameter K3 fibration with r 3 <C T\ < r 2 — > LVS with one flat direction. 

4. CPr* 33351(15) — > LVS with a tachyonic direction. 

5. CPm 1 226 j(12) and 3-parameter K3 fibration with n 'small' and a\T\ < 
a 3 T 3 No LVS. 

We shall find that the inclusion of loop corrections modifies the previous picture 
as follows: 

1. CPj il)1|6jfl] (18) -> Not affected by 5V (gs) . 

2. 3-parameter K3 fibration with T\ 'small' and a\T\ > a 3 (r 3 ) — > SVf 9s ) turns 
the almost flat direction into a stabilised one =^ LVS without flat direc- 



3. 3-parameter K3 fibration with T3 n < r 2 — > 8V^ gs ) lifts the flat direction 
^> LVS without flat directions. 

1 Notice that this case is the same as case 3 below but in a different region of moduli space. 
This means that for this model the LARGE Volume Scenario can be realised with the fibration 
modulus n both 'small' (but still hierarchically larger than the blow-up mode T3) and large. 
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6.2. MODULI STABILISATION VIA STRING LOOP CORRECTIONS 133 



4. CPm 33351(15) — > 8V(g g ) stabilises the tachyonic direction =>- LVS without 
flat directions. 

5. CP^ 1 2 2 6 j(12) and 3-parameter K3 fibration with n 'small' and a\T\ < 
a 3 T 3 Not affected by <5V( 9s ) - still no LVS. 

The CP^ 1 2 2 6 ] case can never give large volume due to the fibration 4- 
cycle 7~i which is impossible to stabilise small. However in the example of the 
3-parameter K3 fibration, LARGE Volume can be achieved by including a third 
Kahler modulus which is a local blow-up and then sending n large. We shall use 
the expression (15. 79ft for the form of the leading order string loop corrections to 
the scalar potential. 



6.2.1 The single-hole Swiss cheese: CPn 1 1 6 9 i(18) 

The influence of the g s corrections in the CP^ 116g i case has been studied in 
detail in [106] . The authors showed that the loop corrections are subleading and 
so can be neglected, as we claimed above. The loop corrected Kahler potential 
looks likfl 

K = K tree + SK {a , ) + SK™ 5) + 6K™ 4) 

-21nV-^ + ^ s 5 y V 5 + ys 4 V V 4 , (6.1) 

but due to the "extended no scale structure" , we obtain for the scalar potential: 
V = SV [np) + 8V {al) + + 6V« K T4) (6.2) 



V V 2 4V 3 ^ 3/2 V 3 ^ ' 

Without taking the loop corrections into account, we have found a minimum 
located at V ~ e a4T4 ^ a 4 T4 ~ In V. Therefore the various terms in (16. 3p scale as: 

V 3 V 3 + V 3 + V 10/3 + yS^HlV' 1 J 

and it is straightforward to realise that at exponentially large volume the last 
two terms in (16.31) are suppressed with respect to the first three ones. 



2 We note that in this case, as argued by Curio and Spillner |180j . SKj% <. is absent, because 
in CP^ j j 6 g j (18) there is no intersection of the divisors that give rise to nonperturbative 
superpotentials if wrapped by P7-branes. 
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6.2.2 The multiple-hole Swiss cheese: CPm 3 3 3 5 i(15) 

In section 14.2.21 we have seen that if the non-perturbative corrections in the SM 
cycle Tsm are absent, the F-term scalar potential (I4.17P for the CP^ 3 3 3 5 j(15) 
Calabi-Yau does not present a LVS with all the Kahler moduli stabilised. Follow- 
ing the same procedure as in [108J, we shall now illustrate how the g s corrections 
can turn the maximum in the Tsm direction into a minimum without destroying 
the exponentially large volume minimum V ~ y^TE3e 27TTE:i . 

To derive the conjectured scaling behaviour of the loop corrections, we use 
the formula (I5.79P setting Cf K = Re(S') Vz and W = 1. Two stacks of _D7-branes 
wrap the tsm an d t c cycle respectively and both will give rise to Kaluza-Klein 
g s corrections. From (15. 79p . we estimate the first kind of corrections by writing 
the overall volume (14.151) in the (r a , tsm, t c) basis and computing the relevant 
elements of the direct Kahler metric. We find: 

V = X fl ( tT - \ (3r SM + 2r c f/ 2 - ^) , (6.4) 



along with: 



and: 



d 2 Ki r pp 3 1 



^tree 



Ot 2 M v^O Vy/3T SM + 2r ( 
d 2 K tree 2V2 ( a/5 1 \ 1 



(6.5) 



dr* 3 a/5 V 4 v^ + VZtsm + 2r c ) V (6 ' 6) 
where in the large volume limit we have approximated the volume as V ~ 
JrTa^ 2 . Thus the Kaluza-Klein loop corrections to (14.171) look like: 

"??"( f ■ ) ] (6.7) 

Writing (16.71) back in terms of tsm and r^ 3 = r c + tsm, we obtain: 

IV** K ( 5 + - ) (6.8) 

(9a) \Vte3-tsm V2t E3 + T SM J 15a/2V 3 

Due to the particulary simple form of the volume (16.41) . it is very sensible to 
expect that the winding corrections will scale like the Kaluza-Klein ones ( 16. 8p . 
Therefore adding (16.81) to (I4.17P we end up with: 

Ai (a/5 (2t E3 + t S m) + V T E3 - tsm) e _47rTB3 3A 2 T E 3e- 27rTB3 

V + SV (9s) = y 

A3 / A4 An 



V A \V T E3-T S M V2te3 + TsmJ V 
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We notice that the string loop corrections are suppressed with respect to the 
a' ones by a factor of 1/s/tez and so do not affect the large volume minimum 
V ~ \ /r E3^ 2nTE ' i given that we require te3 ^> 1 to neglect higher order instan- 
ton contributions. On the contrary SV( 9s ) can become important to fix the SM 
direction when tsm gets small. In fact, the maximum in that direction is now 
accompanied by a minimum, as illustrated in Figure 6.1. 



4.1-10 
4.05-10 

3.95-10 
3.9-10 




Figure 6.1: tsm fixed by string loop corrections. The numerical values used are 
Ai = A2 = 1, A3 = 50, A4 = A5 = 5 and then we have fixed r^ 3 = 10 and 
V = VWe 207T . 

Thus we have shown that g s corrections can indeed freeze the SM direction 
so giving rise to a LVS without any tachyonic direction. The physics of this 
stabilisation is simply that if a D7-brane wraps a 4-cycle, then loop corrections 
induced by the brane will become large as the cycle size collapses. This repels 
the modulus from collapsing and induces a minimum of the the potential. 

This example is illustrative in nature and shows how a cycle, which is re- 
quired to be small and which does not admit nonperturbative effects, can po- 
tentially be stabilised by loop corrections. In a fully realistic model, the D-term 
contribution to the potential should also be included and the combined F- and 
D-term potential studied. Usually the D-term will include, besides the Fayet- 
Iliopoulos term depending on the moduli, also the charged matter fields. Min- 
imising the D-term will generically fix one of the Standard Model singlets to 
essentially cancel the Fayet-Iliopoulos term. Thus we can foresee a scenario in 
which the Standard Model cycle is fixed by string loop corrections, whereas the 
D-term fixes not the size of that cycle but instead the VEV of a Standard Model 
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singlet as a function of the moduli. The axion corresponding to the SM cycle will 
not be fixed by stringy instanton effects, but by standard QCD nonperturbative 
effects |1U8] (D-term moduli stabilisation has also been discussed in [185J). 

In this way we address the challenge of [120J. The form of the .D-term 
however depends on the model and in particular on the details of the charged 
matter content and whether or not they acquire VEVs. We therefore do not try 
and specify this, but note that it will be necessary to include it in a realistic 
model. However, we just notice that in string compactification Standard Model- 
like constructions usually come with extra anomalous £7(1) 's. Then if the SM 
singlet fixed by D-terms, were charged only under U(1)l, this scenario would 
be very attractive to break lepton number and so generate neutrino masses. A 
perfect candidate for such a SM singlet would be a right handed neutrino that 
corresponds to an open string going from two of the U(l) branes of the 'Madrid 
model' with four intersecting branes [186J. 



6.2.3 2-Parameter K3 fibration: GRj 1 2 2 6] (12) 

One could wonder whether including the string loop corrections in the case of the 
K3 fibration with two Kahler moduli treated in section l4\2.3[ could generate an ex- 
ponentially large volume minimum which was absent when only non-perturbative 
and the a' corrections are included. In reality, the answer is negative as these fur- 
ther perturbative corrections produce a contribution + SV^\ to the scalar 
potential (14.261) . which is subdominant and cannot help to stabilise the moduli. 
In fact, in the large volume limit (I4.22p and for Wq ~ 0(1), the full corrected 
scalar potential, now takes the form: 

V = SV (np) + SVw + sv&% + sv { ™ 2) + sv ( l n) + SV& m) c 

y 2 



+ V 2 Ue(£) 2 r 2 Re(S) 2 2V 2 ^ V 2 " ^ 1 



A Wnr , 3 gRe(S) 3/2 2 Wl ( (Cry 1 2Cf 




First of all we have to check that the minimum in the volume is exponentially 
large. Therefore let us take the derivative: 



AV'dV ( 32__ am (Cf*) 2 g\ , , /24C 



W$dV \W Re(5') 2 r 1 2 / \^ 



(6.11) 
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whose solution is: 



3 Re (S) 2 (nf 2 W 8Cf - 3^>£Re {S f 2 

(V) = 7 ^ r — U ai{Tl) . (6.12) 

(Cf K f W eVW - 4axRe {S) 2 



From (16.121) we realise that in order to have an exponentially large volume, we 
need to fine tune (C? K ) ~ e- aiTl < 1. We assume that this is possible and so 
the denominator of (I6.12p scales as: 



W - 4aiRe(S) 2 (r 1 ) d ~ -4 ai Re(Sy (n) 6 , (6.13) 

given that we are working in a regime where Wo ~ C(l)> Re(S') ~ 10 and 
a\Ti ^> 1. Finally the VEV of the volume reads: 



(V) ~ I ^- — —rj, y e a ^\ (6.14) 



3 Wo (8Cf -3v^)eRe(^) 3 / 2 
-4a! (nf 2 

with chosen such that: 



, - < o, (6,5) 

to have a positive result. Now we neglect the (C^ K ) 2 term in V (16.111) when we 
perform the derivative with respect to T\ and we obtain: 

|l| = 4oie ^, (MTl) _ 1) + _^|_ = . „ 16) 

Substituting back (16.141) . (I6.16P becomes: 

ai / Tl ) = l+ -L (6.17) 

o , V(^Re(g)3/ ^ 

but (16.151) forces us to get ai (rx) < 1, clearly in disagreement with our starting 
point when we ignored higher order instanton corrections. Hence we conclude 
that the inclusion of the string loop corrections does not help to stabilise the 
moduli at exponentially large volume since they render this attempt even worse. 



6.2.4 3-Parameter K3 fibration 



The results of the study of the K3 fibration with three Kahler moduli are sum- 
marised in the table at the end of section 4.2.4. We will now try to address the 
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problem left unsolved in that section. Without loop corrections it was possible 
to find an exponentially large volume in this class of models but there was still a 
flat direction left, which we named Q. Let us see now how this direction is lifted. 
We shall work in the regime Wo ~ 0{1) where the perturbative corrections are 
important. We start off wrapping stacks of _D7-branes around all the 4-cycle t±, 
T2 and T3. We immediately notice that the Kaluza-Klein loop correction to V in 
T3 takes the form: 



2(nKK\2 



and so does not depend on Q and is subdominant to the a' correction. Thus 
we will confidently neglect it. More precisely, it could modify the exact locus 
of the minimum but not the main feature of the model, that is the presence of 
an exponentially large volume. Let us now focus on the region: T3 <C T\ < r-i. 
We recall the form of the scalar potential and the Kahler potential without loop 
corrections: 

V = ^W 2 - " £ + ^ (6-19) 
K = K tree + 6K (a , ) ~ -2I11V--3I-. (6.20) 

V ' V»l g */ 2 y 

We study now the possible corrections to V coming from n and r 2 according to 
the general 1-loop formula (15.79p . We realise that the form of the volume (14.331) 
implies that in this base of the Kahler cone, the blow-up mode r 3 has only its 
triple self-intersection number non- vanishing and so it does not intersect with any 
other cycle. This is a typical feature of a blow-up mode which resolves a point- 
like singularity: due to the fact that this exceptional divisor is a local effect, it 
is always possible to find a suitable basis where it does not intersect with any 
other divisor. Now we have seen that some string loop corrections come from 
the exchange of closed winding strings at the intersection of stacks of D7-branes. 
Hence the topological absence of these intersections, implies an absence of these 
corrections. At the end, the only relevant loop corrections are: 



which look like: 



SVM = K,U + + K,),nr,, (6-21) 



2 



P ) V 2 ' 



= 9*(Cn 2 ^ (6-22) 



W 2 

WJ* = -2CY 



(Ss),TlT2 ^12 
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where the 2-cycle £* is the intersection locus of the two 4-cycles whose volume is 
given by T\ and r 2 . In order to work out the form of £*, we need to write down 
the volume of the K3 fibration (I4.33P in terms of 2-cycle moduli: 



V = (AA + \ 2 t 2 )t\ + X 3 t 3 3 . 



(6.23) 
(6.24) 



Then: 

n = f = h (X t t 2 ) , 

r 2 = g = h (2Ai*i + 3A 2 t 2 ) , 

and so t* — t 2 — <J~^- Therefore the g s corrections to the scalar potential (16.221) 
take the general form: 



8V, 



(9s) 



A 



+ 



B 



vy^ + V 2 



V 2 ' 



(6.25) 



where: 



A = g*(Cr) 2 >0, 
B = -2C^VA7 = -^f, 



(6.26) 



> 0. 



Notice that due to the "extended no-scale structure" which causes the vanishing 
of the leading Kaluza-Klein correction to V, we know the sign of the coefficients 
A and C because the parameters are squared (see (15.791) but we do not have any 
control over the sign of B. It is now convenient to take advantage of the field 
redefinition (I4.55P and recast the loop corrections (16.221) in terms of V and Q. 
Inverting the relation (14.551) . we get: 



2a(3 ) 



T 2 







1/3 



4a 2 / (tt-V) 



i/3- 



(6.27) 



Substituting these results back in (I6.22|) we can find the relevant dependence of 
the scalar potential on Q: 



5V ( 



_ ditt 2 + d 2 ttV + d 3 V 2 
~ (fi-V) 4/3 V 4 



(6.28) 



where: 



di 
d 2 
d 3 



2a 4 
2 

2/32 



V3 r 



( C KKyp + ( c KK} 



KK\ 2 



a 2 (3 



1/3 



(6.29) 



Wl (6.30) 



a 2 (3 2 



1/3 



(3C? 2 +2a 2 g 2 {(Cn 2 p 2 +(C 2 KK ) 2 
PC? 2 + o?g 2 s [3 (CrY P 2 + (C™) 2 ] } Wl (6.31) 
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For generic values of d\, d 2 and ds we expect to lift the flat direction f2. Con- 
sistency requirements imply that any meaningful minimum must lie within the 
Kahler cone so that no 2-cycle or 4-cycle shrinks to zero and the overall volume 
is always positive. Let us work out the boundaries of the Kahler moduli space in 
terms of V and Q and then look for a minimum in the Q direction. Given that 
we are sending both t\ and r 2 large while keeping T3 small we can approximate 
the volume (05jl - (KT%jjl as follows: 

V ~ aVn(r 2 - Pn) = (AA + \ 2 t 2 )t 2 2 , (6.32) 

where A x = ^ > and A 2 = ^ > 0. Then looking at (I6T24D and f[Q2]) it is 
clear that when t\ and t 2 are positive then also V > and r» > Vi = 1, 2. Hence 
the boundaries of the Kahler cone are where one of the 2-cycle moduli tip ~ > 0. 
The expression of the 2-cycles in terms of V and Q reads: 

f2V-Q\ ( A 2 \ 2/3 /n- V\ 1/3 , x 

and so we realise that the Kahler cone is given by V < f2 < 2V. In fact, looking 
at (I6.27P and (16.331) we obtain: 

Q — > V + -<=>- T\ — > -<=>- r 2 — > 00 -<=>- ti — > 00 •<=>- £ 2 — > 0, 

n - (2V)~ <^ n - Ax (£) 2/3 r 2 - 3A 2 /3 v 2 / 3 <=► t x - t 2 - (^) V3 

We look now for possible minima along the f2 direction considering the volume 
already fixed: 

d(SV igs) ) _ 2dig (fi - 3V) - V (d 2 (g + 3V) + 44V) _ , , 

<9fi 3(fi-V) 7/3 V* 1 J 

Equation (I6.34p admits a solution of the form (Q) = k(V) where: 

6di + d 2 + \Z3Qdf + 36did 2 + d\ + 32did 3 ,„„, 
« = ^ • (6-35) 

A consistent minimum within the walls of the Kahler cone requires a choice of 
d\, d 2 and d 3 such that 1 < k < 2. In section 4.2.4 we have set the parameters 
a = 7 = 1, £ = 2, <7 S = 0.1, CI3 = 7r and Wo = 1, and then obtained (r 3 ) = 10 
and (V) ~ 3.324 • 10 13 from fl4.53l) - fl4.54p . We now keep the same choice of 
parameters and set also = 1/2, Cf K = 1, C? K = Cf 2 = 10. It follows that 
d\ = 2.005, d 2 = —14.01 and d 3 = 12.015 which gives k ~ 1.004 correctly in 
the required regime. Then the minimum for Q shown in Figure 6.2, is located at 
(Q) = K • 3.324 ■ 10 13 ~ 3.337 ■ 10 13 . We stress that we have stabilised Q without 
fine tuning any parameter. 
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Figure 6.2: V versus f2 at V and t% fixed. 



We could also contemplate the case where we do not have D7-branes wrap- 
ping one of the 4-cycles T\ and r 2 . In this case there is no correction coming from 
the exchange of winding strings because we have just one stack of _D7-branes with 
no intersection. Only the Kaluza-Klein corrections would survive. 



1. no D7-brane wrapping the T\ cycle 

In this case the 1-loop correction looks like: 

^C*> = = (Cn" ^ = d^-, (6.36) 

where d = (a 2 V2/(3) 1 g 2 s (C? K ) W 2 . However JESS) has no minimum m 
Q regardless of the value of d. 

2. no D7-brane wrapping the r 2 cycle: 



sv sv KK <? (r™\ 2 ( 1 4- 2 W) 2t A w o ^ 2 + tow + ^ 
flfo = 6V {gs)tTl = g s {C, ) \ y2 ) — = ___ I7J __ 

(6.37) 

where: 

Ml = 5, n 2 = -26, /i 3 = 35, 6 = 2 1 / 3 (af3) 4/3 g 2 s (C? K ) 2 W*. 

(6.38) 
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Since the potential (I6.37P has the same form of (16.281) . we can follow the 
same line of reasoning as above and conclude that this case admits a min- 
imum located at (Q) = k(V) if 1 < k < 2, where k now is given by (16.351) 
with the replacement di /i« = 1, 2, 3. 

We consider now the matrix of second derivatives in the {ti,t 2 ) space 
Mij = Vij and using the known expression for the Kahler metric we con- 
struct the matrix K^ k M^. The two eigenvalues of this matrix correspond to the 
mass-squared of the canonically normalised particles corresponding to the volume 
modulus and the originally flat direction Q: 

m 2 v ~ 1/V 3 , m 2 n ~ 1/V 10 / 3 . 

Finally we found also minima for which r 2 ^> T\ > r 3 , where the inclusion 
of the string loop corrections turns the almost flat direction, which we had found 
before, into a stabilised one with an actual minimum at exponentially large vol- 
ume. This is an interesting configuration because of the following observation: 
since t 2 = \Jt{ and t\ = (r 2 — 2ti)/2 v /7i, we can see that r 2 3> T\ would imply 
that t% ^> t 2 an d we would effectively have a very anisotropic compactification 
with the 2-cycle much bigger than its dual 4-cycle. This could then lead to a 
realisation of the supersymmetric 2 large extra dimensions scenario [T9l I187j . in 
which the extra dimension could be as large as a fraction of a millimetre. This 
would correspond to looking for solutions (fl) = (1 + e)(V) with e — ► 0. 

However, we shall postpone the detailed discussion of this class of minima 
to chapter 8, where we shall show that, in this case, the inclusion of string loop 
corrections allows to build a very promising inflationary model that predicts 
observable gravity waves without fine-tuning. 



6.3 Potential applications 

Part II of this thesis has studied the general conditions needed to find exponen- 
tially large volume in type IIB compactifications. The necessary and sufficient 
conditions are simple to state: negative Euler number, more than one Kahler 
moduli with at least one of them being a blow-up mode resolving a point-like 
singularity. 

We have also uncovered the important role played by g s corrections in mod- 
uli stabilisation. This has allowed us to find new classes of LVS with a fibration 
structure in which not only the volume but the fibre moduli are exponentially 
large whereas the blow-up modes are stabilised at the usual small values. There- 
fore in general all of a', non-perturbative and g s corrections, may be important 
to stabilise the different classes of Kahler moduli. 



6.3. POTENTIAL APPLICATIONS 
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Here we briefly discuss some of the applications. First, our results do not 
appear to change significantly the standard phenomenology of LVS explored in 
|110[ I112j . where we imagine the Standard Model localised on D7-branes wrap- 
ping a small 4-cycle. The reason is that the volume modulus is still the main 
source of supersymmetry breaking leading to an approximate no-scale structure, 
which can be argued in general terms [111] . As the Standard Model is localised 
around a blow-up cycle, the effects from other exponentially large moduli will 
be suppressed. However, it may be interesting to explore the potential implica- 
tions of hidden sectors localised on those cycles. Also, in the multiple-hole Swiss 
cheese case where the Standard Model cycle is stabilised by perturbative rather 
than non-perturbative effects, the general structure of soft terms will not change 
significantly, again since the main source of supersymmetry breaking is the vol- 
ume modulus. The only difference could be the absence of the small hierarchy 
between the scale of the soft terms M so f t and the gravitino mass m 3 / 2 , since if 
the SM cycle is not stabilised non-perturbatively, then the suppression of M so f t 
with respect to m 3 / 2 by ln(Mp/m 3 / 2 ) |121U122[I123[[T24"] is probably not present, 
but it would be interesting to study this case in further detail. 

A potentially more interesting application is to cosmology. The cosmological 
implications of LVS have been explored in |188[ I189[ 1190] only for Swiss cheese 
compactifications. Small moduli were found to be good candidates for inflatons 
as long as h\\ > 2 without the need to fine tune. However a difficulty with this 
is that loop corrections are expected to modify this result if there is a D7-brane 
wrapping the inflaton cycle, while if there is no such brane then it is difficult to 
reheat the Standard Model brane since there is no direct coupling of the inflaton 
to Standard Model fields. 

The volume modulus is not suitable for inflation as my ~ H and so it 
suffers directly from the r] problem. However for K3 fibration models, there is 
the transverse field Q which is stabilised by the loop corrections. As the loop 
corrections are parametrically weaker than the a' corrections which stabilise the 
volume, Q is parametrically lighter than the volume modulus and thus the Hubble 
scale. In fact ttiq ~ v-( 3 / 2 + Q ) ) with a = 1/6. It follows that the slow-roll r] 
parameter is: 

^ M p^~v^« L (6 - 39) 

Therefore such fibration models seem promising for string theory realisa- 
tions of modular inflation, as at large volume the mass scale induced by loop 
corrections is parametrically smaller than the Hubble scale. A detailed study of 
the potential for large values of the field, away from the minimum, will be required 
in order to see if this is a viable model of inflation, including the value of density 
perturbations and the potential for reheating. A very interesting model of large 
field inflation with the prediction of observable gravity waves, where the inflaton 
is a fibration modulus, as discussed above, will be presented and described in 
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detail in chapter 8. 

The fact that the spectrum of moduli fields includes further candidate light 
fields, besides the volume modulus, is a new source for the cosmological moduli 
problem. In the LARGE Volume Scenario this problem is already present as long 
as the string scale is smaller than 10 13 GeV, since the volume modulus would 
be lighter than 10 TeV, and coupling with gravitational strength interactions 
it would overdose the universe or decay so late to ruin nucleosynthesis. Given 
a solution to this problem - such as a late period of inflation or the dilution 
due to entropy released by the non-thermal decay of a heavier particle, as will 
be discussed in chapter 9 - the corresponding modulus becomes a dark matter 
candidate. With an intermediate string scale and TeV-scale supersymmetry, the 
volume modulus has a mass m ~ 1 MeV. The additional light moduli fields are 
also potential dark matter candidates and have masses m ~ 10 KeV. Further- 
more, they can decay into photons with a clean monochromatic line similar to 
the volume modulus. A proper analysis of their couplings to photons along the 
lines of |113j should be made in order to see if this effect could be eventually 
detected. 

It is worth pointing out that the multiple-hole Swiss cheese case provides 
an explicit example of Kahler moduli inflation, in which at least three Kahler 
moduli were needed (but no explicit example was provided in [188] ). Also this is 
a good example to explore the issue about stabilisation of the Standard Model 
cycle that has to be small (and then a blow-up mode) but without the presence of 
a non-perturbative superpotential which is not desired if the corresponding axion 
is the QCD axion [108J and if D-terms could induce a breaking of the Standard 
Model group [120j . Our results indicate that it is actually possible to achieve 
this. 

We would finally like to emphasise that this is only a first attempt to inves- 
tigate the relevance of loop corrections in the LVS and much work remains to be 
done. In particular, although we have used a well motivated volume dependence 
of the leading quantum corrections to the Kahler potential, explicit calculations 
are still lacking. While we believe that given the general importance of loop cor- 
rections, it is important to study their effects even with incomplete knowledge of 
their form, further information about these corrections for general Calabi-Yaus 
is very desirable. 
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String Cosmology 



In this chapter we shall provide a brief review of string cosmology |191j to prepare 
the stage for the description of possible cosmological implications of the LARGE 
Volume Scenario which will be presented in chapters 8 and 9. We start by recall- 
ing in section 7.1 the basics of inflation, and then in section 7.2 we outline the 
main reasons for believing that string theory and inflation, or cosmology more 
in general, are tightly related. In the same section, we also describe the main 
challenges for inflationary model building in string theory. 



As we have seen in chapter 1, a very early period in the history of our Universe 
where the scale factor a(t) increases exponentially, named inflation [33], can pro- 
vide a solution to the flatness, horizon and monopole problems of the Standard 
Cosmological Model, and, at the same time, it can explain the origin of the CMB 
anisotropies, so providing a beautiful mechanism for large scale structure forma- 
tion [34J. In this section, we provide a very brief more detailed introduction to 
inflation [21], focusing on the case in which the exponential expansion is driven 
by a scalar field <p, whose flat potential V((p) provides an effective cosmological 
constant. In this case, the Friedmann's equation takes the form (in the case of a 
flat Universe): 



7.1 Inflation 




(7.1) 



Now when the following condition is satisfied: 




(7.2) 
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corresponding to the case in which the potential energy dominates over the kinetic 
energy, the Friedmann's equation (17.11) simplifies to: 

o 

For a very flat potential that behaves as an effective cosmological constant, V ~ 

A > 0, (17. 3p admits an inflationary solution of the form a ~ e Ht ~ e^~^ (for 
87tGn = 1). On the other hand, the equation of motion for the inflaton reads: 

*-air,p = -§£, (7.4) 

and one can guarantee that the inflationary period lasts for some time if the 
friction term —3H(p dominates the LHS of (17.41) . so forcing the inflaton to roll 
slowly on the potential V(ip). This can take place if the following condition is 
satisfied: 

T) = M 2 p ^r « 1. (7.5) 

The conditions e«l and 77 <d 1 are named 'slow roll conditions' and, if satisfied, 
guarantee the presence of an inflationary expansion. The amount of inflation is 
measured in terms of the number of e-foldings N e defined as: 

N e (t) = / H(t')dt' = -^ = Th\ TFM ( 7 - 6 ) 

Jt in Jip in V 3 m P J<fi end v 

where (p en d is defined as the point in field space where the slow-roll conditions 
cease to be valid (e(<y9 end ) ~ 1). The exact number of e-foldings which are needed 
to solve the horizon problem, depends both on the inflationary scale and the 
reheating temperature. However in most models of inflation, one needs at least 
N e > 50. 

The observed CMB temperature fluctuations 5T/T [28] . corresponding to 
density perturbations Sp/p, are generated by the quantum fluctuations of the 
inflaton which give rise to scalar and tensor perturbations to the metric [51] with 
a primordial spectrum of the form: 

Vn(k) oc k ris ' 1 , and V grav (k) oc k n ^ . (7.7) 

In the previous expression, the constants n s and n grav are the 'scalar spectral 
index' and the 'gravitational spectral index', respectively. They represent two 
important CMB observables which have to be supplemented with the amplitude 
of both kinds of primordial perturbations. The COBE normalisation of the scalar 
density perturbations reads: 

2 1/2 1 V 3 / 2 

^< = wiMp^ m ' 10 - 5 - (7 - 8) 
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whereas the last CMB observable r is defined as the ratio of the amplitude of 
tensor fluctuations to the amplitude of scalar fluctuations. 

All these four CMB observables, n s , n grav , 5h and r, are only sensitive to 
essentially three numbers in any slow-roll inflationary model: the inflationary 
Hubble scale, H in f, and the two small slow-roll parameters, e and rj, evaluated at 
'horizon exit', that is at 50 or 60 e-foldings before the end of inflation when the 
relevant scales left the horizon and got frozen. In principle these three parame- 
ters should provide one relationship amongst the four CMB observables, but at 
the moment it is not possible to exploit the full power of this prediction since 
tensor fluctuations have not been detected yet. In the meantime, one may in- 
stead constrain the inflationary scale Hi n f by demanding to match the COBE 
normalisation for the density fluctuations (17. 8ft : then one can work out the value 
of the spectral index n s and the tensor-to-scalar ratio r in terms of e and rj as: 

n s = 1 + 2r] — 6e and r = 16e, (7.9) 

showing that for slow rolling (rj, e <C 1), the spectrum is almost scale invariant 
(n ~ 1), in very good agreement with experimental observations. Finally, varying 
e and rj leads to predictions which fill regions of the observable (r — n s )-plane. The 
hope is to use experimental data to be able to distinguish between the predictions 
of different broad classes of models whose main examples can be classified as [24J: 

1. Large-Field Models, for which e and rj vary inversely with the value of the 
inflaton field: oc (Mp/(p) p , for some p > 0; 

2. Small-Field Models, for which e and rj are proportional to a positive power 
of the value of the inflaton field: oc ((f/Mp) p , for some p > 0. Most of 
the small-field models sweep out a preferred region of the (r — n s )-plane 
corresponding to n s < 1; 

3. Hybrid Models, for which field evolution at the end of inflation involves at 
least a two-dimensional field space, and for which the slow-roll parameters 
depend on parameters in the potential which govern the couplings between 
these fields. Most of the hybrid models sweep out a preferred region of the 
(r — n s )-plane corresponding to n s > 1. 

7.2 String theory and inflation 

The first reason why one would be tempted to find a connection between string 
theory and cosmology is the fact that the basic questions in cosmology, like the 
resolution of space-like singularities, the determination of initial conditions, and 
the nature of dark energy, can be answered only within a fundamental theory of 
quantum gravity. 
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However, in order to understand the origin of the special initial conditions 
(homogeneity, isotropy, flatness, and a spectrum of primordial density fluctua- 
tions) which have to be chosen to start the Hot Big Bang model, we need to 
invoke a very early epoch of inflationary expansion [33] • Then, according to its 
intrinsic nature, inflation screens from observational view much of the physics 
of the ultra-violet completion of the effective field theory framework where it is 
formulated. Indeed, inflation explains the absence of observable relics, such as 
monopoles from possible extensions of the Standard Model. 

Therefore, one may wonder whether string theory, as a candidate ultra- 
violet completion of particle physics and gravity, should play much of a role in 
cosmology at all. However, there are several reasons for believing that inflation 
itself, although modelled within the framework of effective field theory, is closely 
connected to challenging issues in quantum gravity, and hence it is the simplest 
application of string theory to cosmology to motivate. 

• Inflation could easily involve energy scales which are so high that they could 
plausibly directly probe string-related physics. A natural energy scale for 
inflation is around the GUT scale, and an observation of primordial tensor 
fluctuations in the CMB [192[ I193j would establish beyond doubt that the 
CMB fluctuations were generated at such energies. No planned terrestrial 
experiment can reach a fraction of this energy. Hence, unless the string 
scale is extremely low (so that the LHC can tell us something about string 
theory), signals of string theory will be seen, if they are seen at all, in the 
sky. 

• Specific models of inflation often depend on the existence of very shallow 
scalar potentials |194] which give rise to extremely light scalar masses, < 
H, where H is the Hubble scale at the epoch of interest. But scalar masses 
are famously difficult to keep from getting large contributions when the 
short- distance sector of the theory is integrated out. Therefore the vast 
majority of inflationary models rely for their phenomenological success on 
properties which are notoriously sensitive to microscopic details; this is 
usually summarised by saying that 'inflation is ultra-violet sensitive'. This 
issue is tightly related to the concept of naturalness. In fact, we would like 
to understand if the choices made in order to obtain acceptable values for 
H in f, e and r\ are inordinately sensitive to short- distance effects, and so they 
must be finely-tuned in order to achieve sufficient inflation (this is usually 
called the l r] problem' [195] ). 

• Many field-theoretic cosmological models, as all the examples of large-field 
inflation that predict observable gravity waves, not only require very shallow 
potentials, but also that this flatness is present over a trans-Planckian region 
in field space. In this case, generic string or Planck-scale corrections become 
significant. 
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Inflation provides a robust field-theoretic mechanism that addresses many 
cosmological problems but the data does not yet pin down anything close 
to a precise model. The further requirement that each inflationary model 
should be sensibly embedded into microscopic physics, could strongly re- 
strict the number of viable models. 

The experimental measurements of the properties of the CMB [28J will soon 
be made more precise due to the recent launch of the PLANCK satellite 
and the plan of new experiments for the not too far future, such as EPIC, 
BPol or CMBPol [T92|[T98]. 

It is possible to understand the mechanism of reheating only embedding it 
in a fundamental theory, like string theory, which would allow us to know 
what are the relevant degrees of freedom at inflationary energies. In fact, in 
studying how, at the end of inflation, the energy associated with inflation 
gets converted into observable heat, one has to make sure that too much 
energy is not lost into any unobserved degrees of freedom [196J. 

The main reason why inflation has been introduced is to explain the un- 
usual initial conditions of Hot Big Bang cosmology. However, inflation itself 
can require special initial conditions for some kinds of inflationary models. 
Therefore, for such models, the full microscopic theory is required in order 
to understand the origin of these initial conditions. 

The study of cosmological implications of string theory, like inflation, can 
shed some light into the better understanding of the theory itself. We al- 
ready have the experience with the study of black hole backgrounds in string 
theory which has led to some of the main successes of the theory, namely 
the explicit calculation of the black hole entropy [13] and the identification 
of the AdS/CFT correspondence |48j. 

Inflationary models derived from string theory could be characterised by the 
presence of purely stringy signals that cannot arise in any low-energy effec- 
tive quantum field theory. Important examples of these phenomena which 
do not fully decouple at low energies, are cosmic strings |197j . They are 
topological defects that get formed at the end of brane/anti-brane inflation 
[77J [78] when the brane and anti-brane annihilate. 

Inflation could be a very effective way to test, or at least to constrain, 
string theory thanks to the experimental observation of signals which are 
generic in string-derived effective Lagrangians, but highly unnatural from 
a conventional field-theory point of view. As an example, in many, but not 
all, string inflationary models, the primordial tensor signal is very small 
[198[ 1199] . Hence, an observation of primordial tensors would eliminate 
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the great majority of presently-known string inflationary models. In addi- 
tion, one might hope that in string theory not all of the three-dimensional 
inflationary parameter space (H in f, e and 77) of the four- dimensional field 
theories, is generated by varying the underlying parameters of the string 
models through all of their allowed values. This would be an attractive pos- 
sibility if it were true, since it might permit a definitive test of string-based 
inflation by observations. 

• Inflation could also be crucial to realise which vacuum solution of the string 
landscape [59j [6Q1 EH [62] is actually, if any, describing our real world by the 
requirement of giving a reasonable description of cosmology, combined with 
all the possible phenomenological constraints coming from particle physics. 
It is very likely also that cosmology will play a major role in addressing 
the central question for string theorists related to understanding why the 
Universe should end up being described by a particular solution rather than 
by the many other possible solutions. 

7.2.1 Challenges for string inflation 

The first step in string cosmology is to specify a consistent string compactification, 
including the total dimensionality, the geometry and topology, the locations of 
any .D-branes, orientifold planes, and other localised sources, and the amount of 
flux turned on through each cycle. Such a configuration would uniquely specify 
a four- dimensional classical Lagrangian, and our knowledge of this theory would 
be limited only by the accuracy of the dimensional reduction, for example, by a' 
and g s corrections, or by backreaction effects from the localised sources. Then 
this low-energy effective Lagrangian should be capable of producing inflation that 
is consistent with current observations. 

However, this turns out to be a surprisingly difficult problem. The main 
difficulty is that string compactifications invariably involve more than one scalar 
field, and so are very complicated. The four- dimensional potential depends, in 
general, on all the moduli of the compactification, which parameterise the ge- 
ometry of the internal space. For a typical Calabi-Yau manifold, the number of 
these moduli can easily reach the order of some hundreds [58]. Computing the 
full potential as a function of all these fields is a formidable task, and even if one 
could succeed, it would then be necessary to search through the high- dimensional 
field space for a path along which the resulting potential is sufficiently flat for 
inflation. 

An essential point is that it does not suffice to hold fixed, by hand, all 
fields but one, and then find a path along which the potential for that single 
field, 0i, is flat. One reason is that the full potential will typically have a steep 
downhill direction coinciding with one or more of these other fields, <p2, <pn- If 
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the steepest such direction is more steep than the desired, and nearly flat, inflaton 
direction, the full system will evolve by rolling downhill in this steepest direction 
rather than along the putative inflaton direction (pi. Thus, one must actually 
arrange that the potential has positive curvature in the directions of </> 2 , n . 

Once this has been achieved, one can search for special features of the string- 
derived Lagrangian that might provide characteristic signatures of the model. Let 
us now explain two general and important obstacles in string inflation model- 
building: the cosmological moduli problem [63j EU [65] an d the rj problem |195j . 



The Cosmological Moduli Problem 

Any field x with < m 2 < \H 2 will undergo quantum fluctuations during 
inflation. These fluctuations carry the field away from its minimum and hence 
lead to storage of energy in \. After inflation, the field x behaves like non- 
relativistic matter and therefore its energy density decreases with temperature as 
p ~ T~ 3 , whereas radiation decreases faster: p r ~ T~ 4 . Hence these fields quickly 
dominate the energy density of the Universe, p/p r ~ as the Universe cools 
down. 

This causes a serious cosmological problem because if the scalar field x 
happens to be quite light and couples only gravitationally (as moduli do), the x 
particles will not have decayed by the present day, and will overdose the Universe. 
On the other hand, if x is somewhat heavier, it will have decayed during or after 
Big Bang Nucleosynthesis, spoiling the delicate predictions of the light element 
abundances (such as those of 4 He and D nuclei). To avoid this 'cosmological 
moduli problem' [H21EHE2]> one must therefore arrange that m x > 10 TeV, and 
preferably that rr? x ^> H 2 . 

At present there is no compelling solution to this problem. The two major 
options are the dilution of these unwanted relics by a late period of low-energy 
inflation caused by thermal effects [119] . or by the entropy released by the non- 
thermal decay of a heavier particle \117\ 1118) . which could be another modulus 
not suffering from the cosmological moduli problem. 



The rj problem 

As we have already explained, inflation takes place whenever the slow-roll con- 
ditions, 6 C 1 and rj <C 1, are satisfied. Recalling the definition of the slow roll 
parameter r\ (17. 5p . and the fact that V = 3H 2 Mp and = V", we have: 

2 

Thus, the slow-roll condition i] <^ 1 can be turned into m 2 <C H 2 , and the 
inflaton mass being of order H is equivalent to having rj ~ 1. 
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The so-called l r\ problem' [195J then arises from the fact that, in string 
theory, the inflaton is nothing but a carefully-chosen modulus whose potential 
will generically be affected by any mechanism of moduli stabilisation. In fact, 
the natural expectation is that, whatever mechanism lifts the flat directions of 
all the other moduli, will also lift the inflaton's flat direction, implying m v ~ H, 
and so r\ ~ 1. 

More precisely, the origin of the i] problem is the presence of Planck- 
suppressed corrections which take the general form: 



AV = (7,1) 



for some operator O4 of dimension four, and lead to mass terms: 

K <x (7.12) 



Then, if (C 4 ) ~ V = 3if 2 Mf,, these contributions lead to A77 ~ 1. 

In the context of models with a low-energy supergravity description, the 
fact that one is often obliged to consider moduli-stabilising energies of order the 
inflationary energy, can be seen by looking at the F-term scalar potential: 

K^D.WDjW-^-j . (7.13) 

Expanding K around = ((f)) + ip for small <p, as: 

K = K{{<P)) + ^m)w + -, (7-14) 

we find: 

Vf = swm (1 + _L|^ (( , )V , + ...) (^ DiWD}W .M^ . 

(7.15) 

Noticing that the canonically-normalised inflaton (p c obeys: 

d 2 K 

dip c dip c ~ - (((f)))d(pd(p, (7.16) 



we see that the contribution to the mass term of <p c is Am^ ~ Vp(((f>))/Mp = 
3H 2 , so that A77 ~ 1. 

In some cases, there is a concrete framework for computing these Planck- 
suppressed contributions to the potential. In N — 1 supergravity, these cor- 
rections more often appear in the Kahler potential than in the superpotential, 
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because the latter is protected by holomorphicity. String loop (see |105[ f!06j and 
chapter 5 of this thesis) and a' [104J corrections to the Kahler potential then lead 
to the relevant Planck-suppressed operators. 

In the absence of such information, appeals to fine-tuning are necessary: 
one argues that in some restricted subset of possible models, the net correction 
might be accidentally small. 

Another proposed solution to the r\ problem is to include protective symme- 
tries, like the axionic shift symmetry in type IIB [200J . Although well-motivated, 
this approach has been surprisingly difficult to achieve in explicit models, because 
the desired symmetries do not always survive quantum corrections. 

As we shall see later on, the no-scale property of the Kahler potential in 
type IIB compactifications, helps to evade the r\ problem, which, however, as 
we shall see in chapter 8, can find a definite solution only via the discovery of 
the extended no-scale structure, which we described in chapter 5. This further 
property of the string loop corrections to the Kahler potential, will allow us to 
satisfy the slow-roll conditions without any fine-tuning for the case where the 
inflaton is a particular Kahler modulus (a K3 fiber modulus, namely). 

However, at present, the rj problem is one of the most serious constraints 
limiting our ability to construct explicit models of string inflation. 



7.3 Models of string inflation 

As we have already pointed out, the fact that string compactifications are gener- 
ically characterised by the ubiquitous presence of several massless scalars with 
effective gravitational couplings, is one of the main problems that one faces in try- 
ing to connect string theory with our real world. However, once a solid mechanism 
for moduli stabilisation is found, it is actually possible to turn this apparent hur- 
dle into a virtue. In fact, all the moduli of string compactifications then emerge 
as natural good candidates for inflaton fields. 

Of course, each direction of the whole scalar potential has to be studied 
in detail, but experience during the last decade has shown that flat directions 
suitable for inflation can indeed be found. Because proposing a model involves 
identifying a scalar field as an inflaton candidate, we can classify all the string 
inflationary models in two big groups according to the origin of the inflaton field 
[2UT1I2U2] . 

• Open string models are those in which the inflaton is a scalar field arising 
from open strings ending on a D-brane. Usually this scalar parameterises 
transverse motion of the D-brane, and hence governs the location of the 
D-brane in the compactification. In M-theory, there is a closely-related 
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alternative in which the inflaton corresponds to the position of an M5- 
brane |203j . Particular examples of open string models are: 

1. .D-brane inflation [77], 

2. Slow roll warped brane/anti-brane inflation [78] . 

3. DBI warped D-brane inflation [2011205] . 

4. M-theory inflation [203] . 

• Closed string models are those in which the inflaton is a closed string modu- 
lus. These models are rather promising since there is a well-defined choice of 
background for which a subset of these moduli enjoy nearly flat potentials. 
Particular examples of closed string models are: 

1. Kahler moduli inflation [IS51I205| . 

2. Axion inflation [207], 

3. Wilson line moduli inflation [208J, 

4. Volume modulus inflation [1141 209]. 

Each of these models of string inflation gives a particular prediction for the infla- 
tionary observables, which, in turn, translates into a different dot in the (r, n s )- 
plane. Given that observational advances will certainly zoom in on a tiny fraction 
of the present (r, n s )-space, we hope to be able to rule out some models rather 
soon. This would represent the first contact of string theory with experimental 
testability. 

Finally, we always have to keep in mind that inflation is not the only 
paradigm describing the early Universe, since different approaches, like the pre 
big-bang [35] or the ekpyrotic/cyclic scenario [36], have been put forward as al- 
ternatives to inflation. 

7.3.1 Naturalness 

As far as the solution of the rj problem is concerned, it seems that models of string 
inflation based on closed string modes [1881 1206j tend to be more promising that 
the ones based on open moduli [77J [78]. In fact, in the latter case, the slow-roll 
conditions can be satisfied only via fine-tuning. 

Let us see this in the illustrative example of the D3/-D3-brane inflationary 
model [75]. In this case, the inflaton field has a geometrical interpretation as the 
distance, in the extra dimensions, of the colliding worlds, described by the brane 
and anti-brane respectively. Moreover this scenario has a stringy mechanism to 
end inflation by the appearance of an open string tachyon at a critical distance, 
so providing a string theory realisation of hybrid inflation. Furthermore, the 
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annihilation of the branes comes with the creation of cosmic strings which could 
be observable in the sky. The fact that fine-tuning is needed in order to solve 
the 7/-problem, in effective supergravity, can be seen as coming from the Kahler 
potential which takes the form: 

K=-3]n[(T + f)-<p<p], (7.17) 

where the distance between the D2> and D3-branes is related to <p and (T + T) is 
related to the volume of the compactification. Setting (T + T) at its VEV, given 
by ((T + f)), there is a standard Kahler potential K = tp c (p c for the canonically 
normalised distance field: _ 

<Pc = , _ =, (7.18) 



((T + f)) 

which comes from the expansion near the minimum of the volume: 

K = -3hi[(T + f)-<p<p] ~-31n[<(T + r))]+^ c +.... (7.19) 

The inflaton potential for the field (p c , has a form e K U, where U = \DW\ 2 —3\W\ 2 . 
With e K = e Vc ^°, the ?7-problem is due to the e K part of the potential. Because 
of this term, the second derivative of the potential, is of order H 2 , instead of ~ 
10~ 2 H 2 , as required by the flatness of the spectrum of inflationary perturbations. 
It seems that this problem can be cured only via fine-tuning. 

On the other hand, in the case of moduli inflation [1881 1206] , the no-scale 
property of the scalar potential renders inflation natural. In fact, in the case 
[188J, where the inflaton is a modulus measuring the volume of a blow-up cycle 
of characteristic size L, the scalar potential takes the schematic form: 

Vfa) = V - A (^) 4/3 e -vV3 ( ^M P )^ {72Q) 

where Vo, A and a are constants, and the canonically normalised inflaton is given 
by ip/Mp ~ L 3 /V 1/2 . This potential has a slow roll provided that V 1/2 ip > M P , 
but the point is that this is generic to the domain of validity of the effective 
theory because V 1//2 y? 3> Mp corresponds to the condition L 3 ^> 1 (in string 
units), which is a prerequisite for trusting the effective field theory. 

However, as we shall see in chapter 8, it turns out that string loop correc- 
tions to the scalar potential f)7.20p destroy the flatness of the inflaton's direction. 
Starting from the promising results of this scenario, still in chapter 8 of this the- 
sis, we shall derive a natural model of Kahler moduli inflation where the inflaton 
is not a blow-up mode anymore, but a fibration modulus. In this way, thanks 
to the extended no-scale structure described in chapter 5, string loop corrections 
do not destroy the flatness of the inflaton's potential anymore, but represent the 
main effect that yields such a potential. 



158 



CHAPTER 7. STRING COSMOLOGY 



7.3.2 Bounds on field ranges 

In all of the models of 'large-field' inflation, the distance in field space travelled by 
the inflaton, is large compared to the Planck mass. As pointed out by Lyth [210J, 
and as we will explain more in detail in section 8.1.1, this is a necessary condition 
for the production of a detectably-large primordial tensor signal. To realise any 
such large-field model in string theory, one would need to find a trajectory in 
field space that is large in Planck units, and along which the effective action is 
suitable for inflation. This has proved to be very difficult. One way to see this 
problem in the case of models with a low-energy supergravity description, is to 
write the possible corrections to the Kahler potential: 



where the dimensionless coefficients q may be true constants or may depend on 
other fields in the system. Unless the c$ are all very small, this series is badly 
divergent for (p 3> Mp, and so over trans-Planckian distances, the metric on 
moduli space is poorly-described by the classical metric on moduli space derived 
from K c i. 

In certain specific contexts in string theory, we can compute the field ranges 
in regimes appropriate to candidate inflation models. An example of this is the 
field range for a /}3-brane in a warped throat region [7S]. It has been shown 
[198J that for any sort of warped throat arising from a cone over an Einstein 
manifold, the field range in Planck units is small. Similar bounds are easily 
derived for D3-branes moving in toroidal compactifications. This result implies 
that D3-brane inflation in Calabi-Yau throats, or in most tori, cannot give rise 
to an observably-large primordial tensor signal. 

In closed string models, the field ranges correspond to distances in the space 
of geometric moduli, not distances in the compactification itself. An example of 
an infinite direction in the moduli space is the decompactification direction. In 
the case of low-energy supergravity, the Kahler potential depends on the total 
volume V as: 



so that R = Mp a/2 In V has a canonical kinetic term. The range of R between 
any fixed V ~ Vo and the limiting point V — > oo is arbitrarily large. This would 
seem to be a promising set-up for large-field inflation, but it remains difficult to 
find a suitable inflaton potential along this direction if one tries to avoid fine- 
tuning0. As we shall see in chapter 8, instead of considering the overall volume, 

1 The authors of |207j managed to obtain a model of large- field inflation by combining the dis- 
placements of N 3> f string axions into an effective displacement of a collective field. However, 
it is not clear if this scenario is stable against radiative corrections. 





K = -2M|lnV, 



(7.22) 
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but a specific modulus measuring the volume of a K3 fiber, it is indeed possible 
to achieve a stringy model of large-field inflation without the need to fine-tune 
any parameter. 

However, most closed string models involve potentials that are flat over very 
small ranges of the canonical inflaton, and so they predict a lower tensor signal, 
but they have the advantage that physics associated with Planckian displacements 
plays no role. 
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Chapter 8 



Fibre Inflation 



8.1 Preliminary considerations 

As we have seen in chapter 7, much progress has been made over the past few 
years towards the goal of finding cosmological inflation amongst the controlled 
solutions of string theory [191] . Part of the motivation for so doing has been the 
hope that observable predictions might emerge that are robust to all (or many) 
realisations of inflation in string theory, but not generic to inflationary models 
as a whole. The amplitude of primordial gravity waves has recently emerged as 
a possible observable of this kind [198] 1199] , with unobservably small predictions 
being a feature of most of the known string-inflation proposals. 

The prediction arises because the tensor amplitude is related (see subsection 
IS.l.ip to the distance traversed in field space by the inflaton during inflation, and 
this turns out to have upper limits in extant models, despite there being a wide 
variation in the nature of the candidate inflaton fields considered: including brane 
separation [78]; the real and imaginary parts of Kahler moduli [188] 1206] : Wilson 
lines [208] : the volume [114] 1209] and so on. Furthermore, the same prediction 



appears also to be shared by some of the leading proposed alternatives to inflation, 
such as the cyclic/ekpyrotic models. 

Since the observational constraints on primordial tensor fluctuations are 
about to improve considerably — with sensitivity reaching down to r ~ 0.001 
(for r = T/S the ratio of amplitudes of primordial tensor and scalar fluctuations) 
[192] 1193] — it is important to identify precisely how fatal to string theory would 
be the observation of primordial gravity waves at this level. This has launched a 
search amongst theorists either to prove a no-go theorem for observable r from 
string theory, or to derive explicit string-inflationary scenarios that can produce 
observably large values of r. Silverstein and Westphal [211] have taken the first 



steps along these lines, proposing the use of monodromies in a particular class of 
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IIA string compactifications. In such models the inflaton field corresponds to the 
position of a wrapped ZM-brane that can move over a potentially infinite range, 
thereby giving rise to observably large tensor perturbations. 

In this chapter we provide a concrete example of large field inflation in the 
context of moduli stabilisation within the well studied IIB string compactifica- 
tions. Working within such a framework allows us to use the well-understood 
properties of low-energy four dimensional supergravity, with the additional con- 
trol this implies over the domain of validity of the inflationary calculations. 

More generally, we believe the inflationary model we propose to be the sim- 
plest member of a broad new family of inflationary constructions within the rich 
class of IIB stabilisations known as the LARGE Volume Scenario (LVS) [HZ] • Most 
useful for inflationary purposes is the classification, within the LVS framework, 
of the order in the a' and string-loop expansions that governs the stabilisation 
of the various Kahler moduli for general IIB Calabi-Yau compactifications. In 
particular, in chapter 6, it was found that for K3-fibred Calabi-Yaus, LVS moduli 
stabilisation only fixes the overall volume and blow-up modes if string loop cor- 
rections to K are ignored. The fibre modulus — call it Q, say - then remains with 
a flat potential that is only lifted once string loop corrections are also included. 
Consequently Q has a flatter potential than does the overall volume modulus, 
making it systematically lighter, and so also an attractive candidate for an infla- 
ton. Our proposal here is the first example of the family of inflationary models 
which exploits this flatness mechanism, and which we call Fibre Inflation. 

This class of models is also attractive from the point of view of obtaining 
large primordial tensor fluctuations. This is because the relatively flat potential 
for Q allows it to traverse a relatively large distance in field space compared with 
other Kahler moduli. In this chapter we use these LVS results to explicitly derive 
the inflaton potential in this scenario, where the range of field values is large 
enough to easily give rise to 60 e -foldings of slow-roll inflation. 

Unlike most string-inflation models (but similar to Kahler modulus inflation 
(KMI) |188j ) slow roll is ensured by large field values rather than tuning amongst 
parameters in the potential. Most interestingly, within the inflationary regime all 
unknown potential parameters appear only in the normalisation of the inflaton 
potential and not in its shape. Consequently, predictions for the slow-roll param- 
eters (and for observables determined by them) are completely determined by the 
number of e -foldings, N e , between horizon exit and inflation's end. Elimination 
of N e then implies the slow-roll parameters are related by e ~ | r/ 2 , implying 
a similar relation between r and the scalar spectral tilt: r ~ 6(n s — l) 2 . [By 
contrast, the corresponding predictions for KMI are e ~ and so r ~ 0, leaving 
n s ~ 1 + 2r).] 

Since the value of N e depends somewhat on the post-inflationary reheat 
history, the precise values of r and n s are more model dependent, with larger N e 
implying smaller r. In a simple reheat model (described in more detail below) N e 
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is correlated with the reheat temperature, T r h, and the inflationary scale, Mj„/, 
through the relationship: 



where w = p/p parameterises the equation of state during reheating. Numer- 
ically, choosing Mj„/ ~ 10 16 GeV and T r h — 10 9 GeV (respectively chosen to 
provide observably large primordial scalar fluctuations, and to solve the grav- 
itino problem), we find that N e ~ 58, and so n s ~ 0.970 and r ~ 0.005. Tensor 
perturbations this large would be difficult to see, but would be within reach of 
future cosmological observations like EPIC, BPol or CMBPol [T9"2"l [T9"3] . 

Our preliminary investigations reveal several features likely to be common 
to the broader class of Fibre Inflation models. On one hand, as already mentioned, 
slow roll is ultimately controlled by the large values of the moduli rather than 
on the detailed tuning of parameters in the scalar potential. On the other hand, 
large volumes imply low string scales, M s , and this drives down the inflationary 
scale M in f. This is interesting because it may lead to inflation even at low string 
scales but could be a a problem inasmuch as it makes it more difficult to obtain 
large enough scalar fluctuations to account for the primordial fluctuations seen in 
the CMB. (It also underlies the well-known tension between TeV scale supersym- 
metry and the scale of inflation |114[ 212J.) This suggests studying alternative 
methods to generate density fluctuations within these modelsjj, to allow lower 
inflationary scales to co-exist with observably large primordial fluctuations. Al- 
though fluctuations generated in this way would not produce large tensor modes, 
they might be testable through their predictions for non-gaussianities. 

The biggest concern for Fibre Inflation and Kahler Modulus Inflation is 
whether higher-loop contributions to the potential might destabilise slow roll. In 
KMI this problem arises already at one loop, and leads to the requirement that 
no branes wrap the inflationary cycle (from which the dangerous contributions 
arise). Fibre Inflation models do not have the same problems, and this is likely 
to simplify greatly the ultimate reheating picture in these models. They may yet 
have similar troubles once contributions from blow-up modes or higher loops can 
be estimated^] but we find that current best estimates for these corrections are 
not a problem. 

Finally, it is relatively simple in these models to obtain large hierarchies 
amongst the size of the moduli, in a way that leads to some dimensions becoming 
larger than others (rather than making the extra dimensions into a frothy Swiss 
cheese). This potentially opens up the possibility of 'sculpting' the extra dimen- 
sions, by having some grow relatively slowly compared to others as the observed 
four dimensions become exponentially large. 

1 We thank Toni Riotto for numerous discussions of this point. 
2 We thank Markus Berg for conversations about this. 




(8.1) 
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After a short digression, next, summarising why large r has proven difficult 
to obtain in past constructions, and a brief review of KMI, the remainder of this 
chapter is devoted to explaining Fibre Inflation, and why it is possible to obtain 
in it r ~ 0.005. After describing the case of a 3-parameter K3 fibration whose 
volume takes a simplified form with respect to the more general case studied in 
chapter 4 and 6, section 8.2 focuses on the inflationary potential to which these 
K3-flbered Calabi-Yaus give rise. Finally, in our section 8.3 we conclude with a 
brief summary and discussion of our results. 



8.1.1 The Lyth bound 

What is so hard about obtaining observably large primordial tensor fluctuations 
in string constructions? In 1996 David Lyth [210] derived a general correlation 
between the ratio r and the range of values through which the (canonically nor- 
malized) inflaton field, ip, rolls in single-field slow-roll models: 

^ 16 -4(0' (8 ' 2) 

where e = |(V ' /V) 2 is the standard first slow-roll parameter, and: 

/^cnd ft \ V 2 

N eS = ^ (J J Hdt. (8.3) 

Here £(t) = 8(ip/ HMp) 2 is the quantity whose value at horizon exit gives the 
observed tensor/scalar ratio, r = £(t = t he ), H(t) = a/a is (as usual) the Hubble 
parameter, and the integral runs over the N e > 50 e -foldings between horizon 
exit and inflation's end. Notice in particular that N e g = N e if £ is a constant. 
Lyth's observation was that the validity of the slow roll and measurements of the 
scalar spectral index, n s — 1, constrain N e g > 50, and so r > 0.01 requires the 
inflaton to roll through a trans-Planckian range, A(p > Mp. 

This observation has proven useful because the inflaton usually has some 
sort of a geometrical interpretation when inflationary models are embedded into 
string theory, and this allows the calculation of its maximum range of variation. 
For instance, as we have already mentioned in chapter 7, suppose inflation occurs 
due to the motion of the position, x, of a brane within 6 extra dimensions, each of 
which has length L. Then expressing the geometric upper limit Ax < L in terms 
of the canonically normalised inflaton field, <p = M 2 x, gives Atp/Mp < M 2 L/Mp, 
where M s is of order the string scale. But L is not itself independent of M s and the 
four dimensional Planck constant, Mp. For instance, in the absence of warping 
one often has Mp ~ MfL 6 , which allows one to write Aip/M P < (M S /M P ) 2 ^. 
Finally, consistency of calculations performed in terms of a (higher-dimensional) 
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field theory generally require the hierarchy, 1/L <C M s which implies M s /Mp ~ 
(M S L)~ 3 < 1, showing that A(p/M P < 1. 

More careful estimates of brane motion within an extra-dimensional throat, 
with the condition that it geometrically cannot move further than the throat itself 
is long, lead to similar constraints |198j . It is considerations such as these that 
show (on a case-by-case basis) for each of the extant string-inflation constructions 
that the distance moved by the inflaton is too small to allow r > 0.01. However, in 
the absence of a no-go theorem, there is strong motivation to find stringy examples 
which evade these kinds of constraints, and allow the inflaton to undergo large 
excursions. 



8.1.2 Kahler modulus inflation 

In this subsection, we briefly review the mechanism of Kahler moduli inflation 
[188J, since many of the features of the model presented here draw on this ex- 
ample. The starting point for this model is a Swiss cheese Calabi-Yau manifold, 
which must have at least two blow-up modes (N sma u > 2 and so hi t i > 3), such 
as is true, for instance, for the model |120j described in chapters 4 and 

6. 

Assuming the minimal three Kahler moduli of this form, our interest is in 
that part of moduli space for which these satisfy r& ^> r ^> r s , where r and r s are 
the blow-up modes while tj, controls the overall volume. As a first approximation 
neglect string loop corrections as well as exponentials of the large moduli tj, and 
r in V. Then one finds that t& and t s can both be stabilised with V ~ e asTs and 

T s > I- 

Fixing these to their stabilised values, but now considering the subdominant 
dependence on r, the potential for the remaining modulus takes the form: 

fZ p -2ar T p~ ar P 

v = A ^ — b — < s - 4 > 

where the volume V should be regarded as being fixed. Varying r with V fixed 
(this is the reason why hu > 3 is needed), the potential for large r is dominated 
for the last two terms, which is naturally very flat due to its exponential form. 

The above potential gives rise to slow-roll inflation, without the need for 
fine-tuning parameters in the potential. For the canonically normalised inflaton: 

<p = v^A/Mr 3 / 4 , (8.5) 

the above potential becomes: 

^-Kyf 3 ^' V2/V/3 , (8.6) 
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with Vq ~ i/V 3 . This is very similar to textbook models of large-field inflation 
[21] , although with the search for observably large tensor modes in mind, one must 
also keep in mind an important difference. This is because although in both cases 
slow roll requires a large argument for the exponential in the potential, this is 
accomplished differently in the two cases. In the textbook examples the argument 
of the exponential is typically given by ip/Mp, and so slow roll requires <p > Mp. 
In the present case, however, slow roll is typically accomplished for small (p, due 
to the large factor of V 2//3 in the exponent. In this crucial way, what we have is 
actually a small-field model of inflation. 



Naturalness 

It is remarkable that this is one of the only string-inflation models that does not 
suffer from the rj problem, inasmuch as slow roll does not require a delicate ad- 
justment amongst the parameters in the scalar potential. However, one worries 
that the extreme flatness of the potential might be affected by sub-leading cor- 
rections not yet included in the scalar potential, such as string-loop corrections 
to the Kahler potential. 

Although a definitive analysis requires performing a string loop calculation, 
some conclusion may be drawn using the conjectured modulus dependence [106J 
discussed in chapter 5. In fact, examination of the previous formulae shows that 
dangerous contributions can arise if D7-branes wrap the inflationary cycle, since 
in this case string-loop corrections take the form: 



This is dangerous because it gives a contribution to the slow-roll parameter, 
rj = M P V"/V, of the form 5rj ~ Mp6V"/V ~ <p-*/ 3 V-V 3 i~\ which for the 
typical values of interest, ^? ~ V" 1 / 2 < 1, may be large. 

One way out of this particular problem is simply not to wrap D7-branes 
about the inflationary cycle. In this case the remaining loop corrections discussed 
above do not destroy the slow roll. (Although it is not yet possible to quanti- 
tatively characterise the contributions of higher loops, see appendix B.2 for a 
related discussion of some of the issues.) Of course, if ordinary Standard Model 
degrees of freedom reside on a D7, not wrapping D7-branes on the inflationary 
cycle is likely to complicate the eventual reheating mechanism because it acts to 
decouple the inflaton from the observable sector. However we do not regard this 
particular objection as being too worrisome, since a proper study of reheating in 
these (and most other models) of string inflation remains a long way off |196j . 



8.2. FIBRE INFLATION 



167 



8.2 Fibre Inflation 

We now return to our main line of argument, and describe the simplest K3- 
Fibration inflationary model. We regard this model as being a representative 
of a larger class of constructions (Fibre Inflation), which rely on choosing the 
inflaton to be one of those Kahler moduli whose potential is first generated at 
the string-loop levelJH 

8.2.1 The simplest K3 fibration Calabi-Yau 

To describe the model we first require an explicit example of a Calabi-Yau com- 
pactification which has a modulus that is not stabilised by nonperturbative cor- 
rections to W together with the leading a' corrections to K. The simplest such 
examples are given by Calabi Yaus which have a K3 fibration structure such as 
those described in chapters 4 and 6. However, in this case, we shall focus on 
a simplified version of these constructions, which represents the simplest possi- 
ble K3 fibration and can be thought of as a particular case of the more general 
Calabi- Yaus described in chapters 4 and 6. Therefore we briefly describe here the 
main features of this compactification manifold. 

For our present purposes, the simplest K3 fibered Calabi-Yau can be re- 
garded as one whose volume is linear in one of the 2-cycle sizes, tj |213j . That is, 
when there is a j such that the only non-vanishing coefficients are kji m and kki m 
for k,l,m 7^ j, then the Calabi-Yau manifold is a K3 fibration having a CP 1 base 
of size tj, and a K3 fibre of size Tj. The simplest such K3 fibration has two Kahler 
moduli, with V = t\t% + |tf. This becomes V = \-\fr\ [j2 — when written 
in terms of the 4-cycle volumes T\ = tf and f 2 = 2(ti + t 2 )t2, corresponding to 
the geometry CP^ 1 2 2 6 j(12) |178j . For later convenience we prefer to follow a 
slightly different basis of cycles in this geometry: 

2 , , 

T\ = n, r 2 = r 2 - -n, (8.8) 

with a similar change in the 2-cycle basis, {tj} — ► {tj}. In terms of these the 
overall volume becomes: 

V = t x t\ = \jT x r 2 V = t 1 r 1 , (8.9) 

where t\ is the base and T\ the K3 fiber. 

3 Even though these moduli are also Kahler moduli, their behaviour is very different from 
the volume and in particular the blowing-up modes that drive Kahler moduli inflation. In this 
sense the previous scenario might be more properly called 'blow-up inflation' to differentiate it 
from the later 'volume' inflation [209J and 'fibre' inflation developed here. 
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For inflationary purposes we also require a third Kahler modulus, which 
we can achieve by simply adding an extra blow-up mode, as is required in any 
case to guarantee the existence of controlled large volume solutions. We therefore 
begin by assuming a compactification whose volume is given in terms of its three 
Kahler moduli in the following way: 

V = A^t 2 + A 3 t 3 = a (v^r 2 - 7 r 3/2 ) = tm - a 7 r 3/2 , (8.10) 

where the constants a and 7 are given in terms of the model-dependent num- 
bers, Aj, by a = | X 1 and 7 = (4A1/27A3) 1 / 2 , related to the two independent 
intersection numbers, di 22 and d 333 , by Ai = \ d\22 and A 3 = |c? 333 . (Clearly, in- 
cluding more blow-up modes than we have done here is straightforward.) Given 
that (18.101) simply expresses the addition of the blow-up mode r 3 , to the geom- 
etry CP^ 1 2 2 6 ](12) described in chapter 4, we do not expect there to be any 
obstruction to the existence of a Calabi-Yau manifold with these features. 

We further assume that h 2 ^[X) > h\^(X) = 3, thus satisfying the other 
general LVS condition. Since we seek stabilisation with V large and positive, we 
work in the parameter regime: 

V := a^l r 2 > « 7 r 3 3/2 > 1 , (8.11) 

with the constant 7 taken to be positive and order unity. This limit keeps the 
volume of the Calabi-Yau large, while the blow-up cycle remains comparatively 
small. Regarding the relative size of T\ and r 2 , we consider two situations in 
what follows: r 2 > T\ r 3 and r 2 ^> T\ r 3 . (We notice in passing that the 
second case corresponds to ti ~ r 2 / ' s/ti 3> t 2 ~ ^fr[ t 3 ~ corresponding 
to interesting geometries having the two dimensions of the base, spanned by the 
cycle ti, hierarchically larger than the other four of the K3 fibre, spanned by T\.) 
The similarity of eq. (18.111) with the 'Swiss cheese' Calabi-Yaus: 

V = a(^r 2 - 7 r 3 3/2 ) , (8.12) 

big 

leads us to expect (and our calculations below confirm) that the scalar potential 
has a minimum at exponentially large volume, together with N sma u — 1) = 1 

flat directions. 



The potential without string loops 

We start by considering the scalar potential computed using the leading a' cor- 
rections to the Kahler potential, as well as including nonperturbative corrections 
to the superpotential. 

K = K +5K {af) = -2 In |v + |j and W = W + J2A k e~ akTk . (8.13) 
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Because our interest is in large volume Vo a^yr^ 2 , we may to first approxima- 
tion neglect the dependence of T ij2 in W and use instead: 



In the large volume limit the Kahler metric and its inverse become: 



(8.14) 
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where we systematically drop all terms that are suppressed relative to those 
shown by factors of order a/ T3 / r 2 . In particular, here (and below), V now denotes 
Vo = a07r2 rather than the full volume, Vo — cry r 3 . 

We now use these expressions in (13.31) . adding the linearisation of 6V( a f ) in 
£, eq. (13. 7p . The following identity (to the accuracy of eqs. (18.151) and (18.161) ) 
proves very useful when doing so: 



K^K? + Kl'Kl + c.c. = -3r 3 . 



'32 r^O 



(8.17) 



The result may be explicitly minimised with respect to the T 3 axion direction, 
63 = 1H1T3, with a minimum at 63 = if Wq < or at b 3 = ir/a 3 if Wq > 0. Once 
this is done, the resulting scalar potential simplifies to: 
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where we take Wo to be positive and neglect terms that are subdominant relative 
to the ones displayed by inverse powers of V without compensating powers of 



Now comes the main point. Notice that by virtue of (18.171) . V depends only 
on two of the three moduli on which it could have depended: V = V(V, r 3 ). This 
occurs because we take a\T\ to be large enough to switch off its non-perturbative 
dependence in W. This observation has two consequences: First, it implies that 
within these approximations there is one modulus — any combination (call it Q, 
say) of Ti and r 2 independent of V — which describes a direction along which 
V is (so far) completely flat. This plays the role of our inflaton in subsequent 
sections. 
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Figure 8.1: V (arbitrary units) versus T\ and r 3 for one of the parameter sets 
discussed in the text, with V evaluated at its minimum. 

Second, the potential (I8.18P completely stabilises the combinations r 3 and 
V (and, in fact, has precisely the same form as the scalar potential of the original 
CP^ 1 169 ](18) LVS example of [87J). In particular, the only minimum satisfying 
a 3 r 3 3> 1 is given explicitly by V = (V) and r 3 = (r 3 ) with: 

(o \ 2/3 
4) a,ld < V> = (^) W " ov/Re ° 3W - (8 ' 19) 

This is the minimum corresponding to exponentially large volum^f). 

The flat direction of the potential (I8.18P is manifest in Figure I8.1[ which 
plots this scalar potential with V fixed (using the LV parameter set discussed 
below), as a function of r 3 (on the x-axis) and Q — which represents any third 
field coordinate independent of r 3 and V (such as r 1; for instance) - - (on the 
y-axis). In order properly to understand the potential for Q, we must go beyond 
the approximations that underly eq. (I8.18p . in order to lift this flat direction, 
such as by including the leading string-loop contributions to the potential. 



The two relations (|8.19|) do not take into account the shift in the volume minimum due to 
the up-lifting term, which are worked out explicitly in appendix B.l (and incorporated in our 
numerics). 
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Sample parameter sets 

In what follows it is useful to follow some concrete numerical choices for the vari- 
ous underlying parameters. To this end we track several sets of choices throughout 
this chapter, listed in Table 8.1. One of these sets (call it 'LV') gives very large 
volumes, V ~ 10 13 (and so a string scale of order M s oc V -1 / 2 ~ 10 12 GeV), and 
is representative of what the LARGE volume scenario likes to give for simple 
choices of parameters. The others ('SV1' and 'SV2', say) instead have V ~ 10 3 
much smaller (and so with M s ~ 10 16 GeV). While all naturally provide an infla- 
tionary regime, the LV choice has the disadvantage that the value of the classical 
inflationary potential turns out too small to provide observable primordial den- 
sity fluctuations. The other choices are chosen to remedy this problem, and to 
provide illustrations of different inflationary parameter regimes. We regard all of 
these choices as being merely illustrative, and have not attempted to perform a 
systematic search through the allowed parameter space. 





LV 


SV1 


SV2 


Ai 


1 


15 


21/2 


A 3 


1 


1/6 


1/6 


9s 


0.1 


0.3 


0.3 




0.409 


0.934 


0.755 


W 


1 


100 


100 


a-3 


7T 


tt/5 


tt/4 


A 3 


1 


1 


1 


a 


0.5 


0.1291 


0.1543 


7 


0.385 


3.651 


3.055 


fa) 


10.46 


4.28 


3.73 


(V) 


2.75 • 10 13 


1709.55 


1626.12 



Table 8.1: Some model parameters (the up-lifting to a Minkowski minimum 

has been taken into account). 



Inclusion of string loops 

We now specialise the string-loop corrections to the K3 fibration of interest, using 
expression (15.791) and working in the regime Wo > (9(1) where the perturbative 
corrections are important. 



172 



CHAPTER 8. FIBRE INFLATION 



Consider first the contribution coming from stacks of D7-branes wrapping 
the blow-up cycle, T3. The Kaluza-Klein loop correction to V coming from this 
wrapping takes the form: 



<;L = '-^r. (8.20) 



rKK _ 9s(C; 

which does not depend on Q, and is subdominant to the a' correction. These fea- 
tures imply such a term may modify the exact locus of the potential's minimum, 
but not the main features of the model, such as the existence of the flat direction 
in Q and the minimisation of V at exponentially large values. 

Similarly, we have seen that the winding-mode contributions to string-loop 
corrections arise from the exchange of closed winding strings at the intersection 
of stacks of D7-branes. But the form of the volume (18.10p shows that the blow- 
up mode, T3, only has its triple self-intersection number non-vanishing, and so 
does not intersect with any other cycle. This is a typical feature of a blow-up 
mode which resolves a point-like singularity: due to the fact that this exceptional 
divisor is a local effect, it is always possible to find a suitable basis where it 
does not intersect with any other divisor. Hence the topological absence of the 
required cycle intersections implies an absence of the corresponding winding- 
string corrections. In the end, only three types of loop corrections turn out to 
arise: 

= ^Sn + + K.),™ , (8.21) 

which have the form: 



(9s), ti iJs ^2 y2 



0V (a,),r, - 9 S 



( r KK\ 2 M/5 
fiyW _ I z °12 \ vv 



(9a),nr 2 - \ J V 3 ' 

Here the 2-cycle denotes the intersection locus of the two 4-cycles whose vol- 
umes are given by n and t?,- In order to work out the form of £*, we need the 
relations: 

dV dV 
n = ^r = (Ait 2 ) t 2 and r 2 = — = 2t 1 (X 1 t 2 ), (8.23) 

Oti 012 



and so = Xit^ = \/ \\T\ . Therefore the g s corrections to the scalar potential 
take the general form: 



A B CtA W, 



^H^-y^F+yrJ (8-24) 



•2 
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where: 



B 



C 



A 



W) 2 >o, 

2 (ag s C« K ) 2 > 0. 



(8.25) 



Notice that A and C are both positive (and suppressed by g" 2 ) but the sign of B 
is undetermined. The structure of 5V( 9s ) makes it very convenient to use Q = T\ 
as our parameter along the flat directions at fixed V and r 3 . 

In this way, it is also easier to have a pictorial view of the inflationary 
process since the K3 fiber modulus T\ will turn out to be mostly the inflaton. 
Inflation will correspond to an initial situation, with the K3 fibre much larger 
than the base, which will dynamically evolve to a final situation with the base 
larger than the K3 fibre. 

For generic values of A, B and C we expect the potential of eq. f)8.24p to lift 
the flat direction and so to stabilise Q = T\ at a minimum. Indeed, minimising 
SV{ 9a ) with respect to T\ at fixed V and r 3 gives: 



Any meaningful minimum must lie within the Kahler cone defined by the 
conditions that no 2-cycle or 4-cycle shrink to zero and that the overall volume 
be positive, and so we must check that this is true of the above solution. Since 
we take T\ and r 2 both much larger than r 3 , we may approximate V by V ~ 
a \/T\ T 2 = Aiti^ where Ai = l/4a 2 > 0, and this together with eq. (18.231) 
shows that positive t\ and t 2 suffices to ensure n, r 2 and V are all positive. 
Consequently, the boundaries of the Kahler cone arise where one of the 2-cycle 
moduli, ti i2 , degenerates to zero. Since in terms of V and Q = T\ we have: 




(8.26) 



which, when 32 AC <C B 2 , reduces to: 




or 




(8.27) 




and 




(8.28) 



the Kahler cone is given by < T\ < oo 



At its boundaries we have: 




while: 
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Comparing the solutions of eqs. (18.271) with the walls of the Kahler cone shows 
that when 32AC < B 2 we must require either C > (if B < 0) or A > (if 
B > 0), a condition that is always satisfied (see (18.251) ). 

In Table 8.1 we chose for numerical purposes several representative param- 
eter choices, and these choices are extended to the loop-generated potential in 
Table 8.2. (The entries for (t^) and (V) in this table are simply carried over 
from Table 8.1 for ease of reference.) The LV case shows that loop corrections 
can indeed stabilise the remaining modulus, f2 = Ti, at hierarchically large val- 
ues, 7~2 3> T\ 3> r 3 without requiring the fine-tuning of parameters in the po- 
tential, while the SV examples illustrate cases where r 2 3> t\ > r 3 (although 

p ~o,\t\ ^ „-a3T3\ 





LV 


SV1 


SV2 


qKK 


0.1 


0.15 


0.18 


qKK 


0.1 


0.08 


0.1 




5 


1 


1.5 


A 


10" 4 


2 • 10~ 3 


2.9 • 10~ 3 


B 


10 


0.52 


0.93 


C 


5- lO" 5 


1.9 • 10~ 5 


4.3 • 10~ 5 


fa) 


10.46 


4.28 


3.73 


(ri) 


1.07- 10 6 


8.96 


7.5 


(V) 


2.75 • 10 13 


1709.55 


1626.12 



Table 8.2: Loop-potential parameters 



Canonical normalisation 

To discuss dynamics and masses requires the kinetic terms in addition to the po- 
tential, which we now display in terms of the variables V and Q, = T\. Neglecting 
the small blow-up cycle, t%, the non canonical kinetic terms for the large moduli 
n and r 2 are given at leading order by: 

- C kin = K% (d,T % 3%) = - (V, d^Tj + d,b t (8.29) 

Art + 2r| + '"' 
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where the ellipses denote both higher-order terms in -v/t^/Vl^j as we U as axion 
kinetic terms. Trading t-i for V with eq. (I8.28p . the previous expression becomes: 

- £«„ = ^n^n - ^ a M n^V + ^ 9^V + • - • . (8.30) 

Notice that the kinetic terms in this sector can be made field independent by 
redefining i?j = lnri and d v = InV, showing that this part of the target space is 
flat (within the approximations used). The canonically normalised fields satisfy 
—£>kin = \[{d^if + (df2) 2 }, and so may be read off from the above to be given 
by: 



W,v,- M - U£>' (8 - 31) 



where the condition: 



i 



M T -y_{ |J-M = J, (8.32) 
implies M 2 = f ^ 3 ^ , and so if M = f ^ ^ ^ then a± = y/2 — b±, c± = 



\-b\ and b\ = 2/ (7 ± Ay/2) (so explicitly a+ ~ 1.357, 6+ ~ 0.398, c+ ~ 

1.158 and a_ ~ 0.715, 6_ ~ 1.220, c_ ~ 0.105). 

Finally, we may use these results to estimate the mass of the propagation 
eigenstates, (pi t 2, obtained at the potential's minimum. Before diagonalising the 
kinetic terms, but writing d v = In V and $1 = In r 1; we find that the derivatives of 
the potential at its minimum scale as d 2 V/dd1 ~ £/V 3 — since it is dominated by 
contributions from 8V^ and <5V(„ P ) — while c^V/cMf ~ d 2 V/d'd v d , & 1 ~ I/V 10 / 3 
- since these are dominated by 8Vi g \. These properties remain true for the 
physical mass eigenvalues after diagonalising the kinetic terms, since this mixing 
changes the form of the eigenvectors but not the leading scaling of the eigenvalues 
at large V. This confirms the qualitative expectation that the Q = T\ direction 
is systematically lighter than V in the large- V limit. 



8.2.2 Inflationary potential 

Having established the existence of a consistent LVS minimum of the potential for 
all fields, we now explore the inflationary possibilities that can arise when some 
of these fields are displaced from these minima. Since the potential for £1 = T\ 
is systematically flat in the absence of string loop corrections, it is primarily this 
field that we displace in the hopes of finding it to be a good candidate for a 
slow-roll inflaton. 

In the approximation that string-loop effects are completely turned off, we 
have seen that the leading large-V potential stabilising both V and T3 is completely 
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flat in the Q = t\ direction. We therefore perform our initial inflationary analysis 
within an approximation where both V and r 3 remain fixed at their respective 
■/^-independent minima while T\ rolls towards its minimum from initially larger 
values. In this approximation the important evolution involves only the single 
field Ti, making it very simple to calculate. This single-field approach should be 
an excellent approximation for large enough V, and we return below to the issue 
of whether or not V can be chosen large enough to call this approximation into 
question. 



The single-field inflaton 

As before, we choose Q = T\ as the coordinate along the inflationary direction. 
When r 3 = (r 3 ) and V = (V) are fixed at their Ti-independent minima, so that 
dfj,T 3 = d^V = 0, f)8.30p shows that the relevant dynamics reduces to: 

3 (duTi&T^ 



Cmf = ~8 V r\ ) ~ Vmf{Tl) ' (8 - 33) 
with scalar potential given by: 



Notice that (I8.33P does not depend on the intersection numbers, Ai and A 3 , im- 
plying that tuning these cannot help with the search of a canonical normalisation 
more suitable for an inflationary roll. The Ti-independent constant, Vq, of eq. 
(lQ4jl consists of: 



_ SajAjy/^) } _ 4W a 3 A 3 (r 3 ) (r3> 3JW[ 

V °~ 3a 7 (V) 6 (V) 2 6 + 4(V)i +dVup > [ *- 6b) 

where 5V up is an up-lifting potential, such as might be produced by the tension 
of an D3 brane in a warped region somewhere in the extra dimensions: 5V up ~ 
<5« P /V 4//3 . For the present purposes, what is important about this term is that 
it does not depend at all on t\ once V is fixed. We imagine 5 up to be tuned to 
ensure the complete vanishing of V (or a tiny positive value) at the minimum, with 
^up ~ 1/ (V) 5//3 required to cancel the non-perturbative and a'-correction parts of 
the potential (which together scale like (V)~ 3 at their minimum). In addition a 
second adjustment (S up — > 5 up + fi up ) of order fi up / (V) 4/3 = -SV( 9s )((V), (n)) is 
required to cancel the loop-generated part of V, for which Vq ~ O (l/ (V) 10 / 3 ). 

The canonical inflaton is therefore given by: 

\/3 2 
<p = — lnrx , and so T\ = e KLp with n = —= . (8.36) 
2 a/3 
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In terms of this field the walls of the Kahler cone are located at: 

< Ti < oo — oo < <p < +oo, 



(8.37) 



implying that any inflationary dynamics can in principle take place over an infi- 
nite range in field space. The potential (18.34p becomes: 



Vi 



inf 



V + ^[Ae~ 2 ^ 



V + V 2 



(V) 



10/3 



(C e K ^ - Ci e~^ 2 + C 2 e~ 2 ^ + C up ) 



(8.38) 



where we shift ip = (tp) + tp by its vacuum value, (18.271) . and adjust Vq = 
Cup/iV) 10 / 3 to ensure Vi n f(((p)) = 0. Choosing, for concreteness' sake, 32 AC <C 
B 2 1 we have (<p) = i In ((V), with C - -B/2C if B < or ( ~ 4A/fi if 5 > 0. 
With these choices the coefficients Cj do not depend on (V), being given by: 

C = CW 2 ( 2/3 , C l = BW^C 1/3 , C 2 = AW 2 C i/3 and C up = & - C - C 2 . 

(8.39) 

Notice that because A and C are both positive, we know that Co and C 2 must also 
be. By contrast, not knowing the sign of C^ 2 precludes having similar control 
over the sign of C\. Table 8.3 gives the values for these coefficients as computed 
using the parameter sets of the previous tables. 





LV 


SVl 


SV2 


Co 


5.8- icr 8 


0.012 


0.023 


Ci 


292.4 


20629.4 


39786.9 


c 2 


73.1 


5157.35 


9946.73 


c 


219.3 


1200.8 


29840.2 


R = C0/C2 


8- icr 10 


2.3 ■ 10~ 6 


2.3 ■ 10~ 6 



Table 8.3: Coefficients of the inflationary potential for the various parameter 

sets discussed in the text. 



Of particular interest is the case where both A and C are small compared 
with \B\, as might be expected by their explicit suppression by the factor g 2 . For 
concreteness we focus in what follows on the case B > (and so C\ > 0), for which 
( ~ AA/B 1. This leads to two very useful simplifications. First, it implies 
that Co/d = (C/B = AAC/B 2 and R := C /C 2 = ( 2 C/A = 1QAC/B 2 and so 
Co is systematically smaller than either C\ or C 2 . This observation allows us to 

5 Notice that this is a natural choice since for B > 0, CA/B 2 ~ gf. 
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neglect completely the Co e K ^ term of the potential in the vicinity of the minimum 
and in most of the inflationary region, as we shall see in what follows. Second, 
this limit implies C\jC 2 = (B/A = 4, showing that C\ and C 2 are both positive, 
with a fixed, order-unity ratio. This observation precludes using the ratio of these 
parameters in the next section as a variable for tuning the inflationary potential. 
These choices are visible in Table 8.3, for which A, C < B, and so Co is small 
and Ci/C 2 — 4. Figure IHT21 plots the resulting scalar potential against (p. 



v 




2 4 6 8 10 12 



Figure 8.2: V (in arbitrary units) versus <p, with V and T3 fixed at their minima. 
The plot assumes the parameters used in the text (for which <p ip ~ 0.80, (p en d = 
1.0, and R = C /C 2 ~ 10~ 6 ). 



8.2.3 Inflationary slow roll 

We next ask whether the scalar potential (18.381) can support a slow roll, working 
in the most natural limit identified above, with A, C <C B and B > 0. As we 
have seen, this case also implies < Co <C C\ = 4C 2 , leaving a potential well 
approximated by: 



v c 



<V) 



10/3 



(3 - R) - 4 ^1 + 1 R^j e- K * /2 + (l + I R^j e~ 2 ^ + R 



(8.40) 

which uses C up ~ C\ — C — C 2 and C\jC 2 ~ 4, and works to linear order in: 



iKKriKK ^ 2 



n / /~iK K fit 

_ O 4 / 1 2 



R:= ^ =29 *\ ci 1 <<cl - (8 - ll) 
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The normalisation of the potential may instead be traded for the mass of the 
inflaton field at its minimum: = V"(0) =4 (l + f i?) C 2 /(V) 10/3 . 

In practice the powers of R can be neglected in all but the last term in the 
potential, where it multiplies a positive exponential which must eventually be- 
come important for sufficiently large (p. For smaller tp, R is completely negligible 
and the potential is fully determined by its overall normalisation. Furthermore, 
the range of (p for which this is true becomes larger and larger the smaller R is, 
and so we start by neglecting R. 

We seek inflationary rolling focusing on the situation in which ip rolls down 
to its minimum (at = 0) from positive values. Defining, as usual, the slow-roll 
parameters, e and rj, by (recalling our use of Planck units, M P = 1): 



1 (dVY 



2V 2 \dtp J ' 



7/ 



d 2 V 
V \d<p 2 



(8.42) 



we find (using k 2 



| and keeping R only when it comes multiplied by e Kif ): 



n 




-Kip/ 2 



-2n(p 



+ ±Re KV 



4 e — Kip/2 _|_ e ~2Klf! _|_ e Klfi 

— 4 er K ^l 2 + e~ 2K ^ + R e K ^ 



(8.43) 
(8.44) 



Plots of these expressions are given in Figure 18. 3[ which show three qualitatively 
different regimes. 




2.5 5 7.5 10 12.5 15 



Figure 8.3: Plots of the potential and the slow-roll parameters e and 77 vs (p for 
R = 10~ 8 (blue curve), R = 10~ 6 (green curve), and R = 10~ 4 (red curve). 
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Slow-Roll Regime 

Both slow roll parameters are naturally exponentially small in the regime R 1 ^ <C 
e -^/2 ^ i. i n this regime it is the term e~ K( Pl 2 that dominates in (18.401) . and so 
the dynamics is effectively governed by the approximate potential: 

^^(3-4e--/ 2 ). (8.45) 

This resembles a standard potential for large-field inflation, which drives the field 
to evolve towards smaller values^). The slow-roll parameters (18.431) and (I8.44p in 
this regime simplify to: 

e ~ ? , (8.46) 

3[3e^/2_4] 2 ' 

71 " - 3[3e^-4] ' (8 - 47) 



and for all ip in this regime we have the interesting relation: 

3 V 2 



(8.48) 



Small-ip Regime 

The slow-roll conditions break down once (p is small enough that the two negative 
exponentials are comparative in size to produce a zero in 77. An inflection point 
occurs in this regime, located where: 

and so: 

1 , /16C 2 \ In 4 

^vsHVhvr ' 8004 - (8 50) 

As Figure [8731 shows, to the left of this point e grows quickly, while at the inflection 
point ip = (pip, we have e ip = 1.464 and r] ip = 0. Just to the right of this, at 
<pend = 1 we have e en d = 0.781 and r\ end = —0.256, making this as good a point 
as any to end inflation. (In what follows we verify numerically that our results 
are not sensitive to precisely where we end inflation in this regime.) 



It would be interesting to see how our inflationary mechanism fits in the general analysis 
of supergravity conditions for inflation performed in [176L 12141 1215] . 
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Large-p Regime 



Once Re K ^ 3> 3 the positive exponential dominates the potential (18.40p . which 
becomes well-approximated by: 



771 

V ~ -^Re K * 
4 



(8.51) 



and so the slow-roll parameters plateau at constant values: tj ~ 2e ~ k — 7j (as 
is seen in Figure This shows that the slow-roll conditions also break down 
for nip ~ ln(l/i?), providing an upper limit to the distance over which the slow 
roll occurs (and so also on the number of e -foldings, iV e ). 

An interesting feature of transition to this large-<,3 regime is the necessity for 
7] to change sign. This is interesting because, as Figure IHUl shows, e is still small 
where it does, and so there is a slow-roll region for which 77 ^> e > 0. This regime 
is unusual because it allows n s > 1 (see Figure I577j) . unlike generic single-field 
inflationary models. In practice, in what follows we choose horizon exit to occur 
for tp smaller than this, due to the current observational preference for n s < 1. 
A precise upper limit on tp this implies can be defined as the inflection point 
where 7] vanishes due to the competition between the e K ^ and e~ K( Pl 2 terms of the 
potential. This occurs when e~ K< ^ 2 ~ Re K P, or <p(R) ~ Po(R) ■= — ln(i?)/\/3. 

We may now ask whether the slow-roll regime is large enough to allow 60 e - 
foldings of inflation. The number of e -foldings N e occurring during the slow- roll 
regime can be computed using the approximate potential (18.451) . which gives: 



Z_d^^/ [3, 



fend 



,K<p/2 



4] d^ 



fend 



4 



(8.52) 



fend 



where e KiPend ~ I6C2/C1 ~ 4 e Ktf * represents the onset of the small-y3 regime, 
as described above, and <p — tp* denotes the value of tp at horizon exit. Figure 15^41 
shows how the number of e -foldings depends on the assumed field value during 
horizon exit, as well as the insensitivity of this result to the assumed point where 
inflation ends. This shows that interesting inflationary applications require (p to 
roll through an interval of at least 0(5). 

An estimate for the upper limit to N e that can be obtained as a function 
of R can be found by using (p* = <p>o(R) in eq. (I8.52p . This leads to: 



N max _ 9 ^_ 1/3 _ 2 ^ _ 



In I - 1 In: 



(8.53) 



This result is plotted in Figure 18.51 and shows that more than 60 e -foldings of 
inflation requires R < 3 • 10~ 5 . 

The validity of the a' and g s expansions also set a limit to how large tp* can 
be taken, since the exponential growth of <5V"( Ss ) for large <p would eventually allow 
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Figure 8.4: Plot of the number of e-foldings, N e , vs fi* (left) and fiend (right) 
for R = 0. The inflection point occurs at fii P ~ 0.8 and fiend = 1 in the left-hand 
plot, fi* = 5.7 in the right-hand plot. The solid (red) curves are computed using 
the full potential (18.400 while the dashed (blue) curves are computed using the 
approximate potential (18.450 . 



it to become larger than the lower-order contributions, 5V( np ) + 5V( a '). Microscop- 
ically this arises because fi — > oo corresponds to t\ — > oo and r 2 — > 0, leading 
to the failure of the expansion of SVrgJf. ^ m inverse powers of ti. However, as is 
argued in appendix B.2, it is the slow- roll condition r\ -C 1 that breaks down first 
as fi increases, and so provides the most stringent upper edge to the inflationary 
regime. For the two sample sets SV1 and SV2 given in the Tables, we obtain 
R ~ 2.3 ■ 10~ 6 , and this gives fi ma x — 12.4 (in particular allowing more than 60 
e-foldings of inflation). 



Observable footprints 

We now turn to the observable predictions of the model. These divide naturally 
into two types: those predictions depending only on the slow roll parameters, 
which are insensitive to the underlying potential parameters; and those which 
also depend on the normalization of the inflationary potential, and so depend on 
more of the details of the underlying construction. 
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-6 -5.5 -5 -4.5 -4 -3.5 -3 



Figure 8.5: Plot of the maximum number of e-foldings, N£ iax , vs x = \og 10 R, 
defined by the condition 0* = <po(R) as described in the text. The integration 
takes ip en d = 1, and the curves are computed using the approximate potential 

iasD. 



Model-independent predictions 

The most robust predictions are for those observables whose values depend only 
on the slow roll parameters, such as the spectral index and tensor-to-scalar ratio, 
which are given as functions of the slow-roll parameters (evaluated at horizon 
exit) : 

n s = 1 + 277* — 6e:* and r = 16 e*. (8.54) 

In general, as can be seen from (18.431) and ()8.44j) . the two quantities and ^* are 
functions of two parameters, <p* and R; hence n s = n s ((p*,R) and r = r((p*,R). 
However we have also seen that having a significant number of e-foldings requires 
R -C 1, and so to a good approximation n s = n s and r = ?"(<£>*), unless <p* is 
large enough that Re K ^* cannot be neglected. 

For small R we find the robust correlation predicted amongst r, n s and N e , 
as described in the introduction. The implied relation between r and n s is most 
easily found by using the relation = |?7^, eq. (18.481) in (I8.54p and dropping 
relative to 77* in n s — 1: 

r~6(n s -l) 2 , (8.55) 

showing that a smaller ratio of tensor-to-scalar perturbations, r, correlates with 
larger n s . Figure 18761 plots the predictions for r and n s that are obtained in this 
way. 

Deviations from this correlation arise for large enough for which N e 
approaches the maximum number of e-foldings possible, and this is illustrated 
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20 30 40 50 60 20 30 40 50 60 0.88 0.9 0.92 0.94 0.96 



Figure 8.6: A plot of n s (left panel) and r (center panel) vs the number of e- 
foldings, N e . The right panel plots the correlation r vs n s that results when N e 
is eliminated, resembling simple single-field large-field models. 

in Figure 18 .7\ which plots n s vs tp* for several choices of R. (Notice in particular 
the excursion to values n s > 1 shown in the figure for (p* ~ <p>o{R) when R ^ 0, 
as discussed above.) In the extreme case where <p* = (po{R) we have 77* ~ and 
~ I i? 2 / 3 , leading to: 

32 

r ~ — R 2/3 and n s ~ 1 - 4 i? 2/3 . (8.56) 
3 

Recall that N™ ax > 60 implies i? < 3 x 1CT 5 , and in the extreme case R ~ 3- 10~ 5 
the above formulae lead to r ~ 0.01 and n s ~ 0.996. Should r ~ 0.01 be observed 
and ascribed to this scenario, the close proximity of horizon exit to the beginning 
of inflation would likely imply other observable implications for the CMB, along 
the lines of those discussed in [216J. 

Model-dependent predictions 

We next turn to those predictions which depend on the normalisation, Vq, of 
the inflaton potential, and so depend more sensitively on the parameters of the 
underlying super gravity. 

Number of e-foldings: The first model-dependent prediction is the number of 
e -foldings itself, since this depends on the value (p* taken by the scalar field 
at horizon exit. Indeed we have already seen that the constraint that there 
be enough distance between tp* and (p en d to allow many e-foldings of inflation 
imposes upper limits on parameters such as R. The strongest such limit turned 
out to be the requirement that n s be low enough to agree with observed values 
(see the discussion surrounding eq. (18.531) ). For numerical comparison of our 
benchmark parameter sets we formalise this by requiring <p < <p m ax, defined as 
the value for which n s < 0.974, since this is the 68% C.L. observational upper 
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Figure 8.7: Plots of the spectral index n s vs ip for R = (purple curve), R = 10 
(red curve), R = 1CT 6 (green curve), and R = 10~ 4 (blue curve). 



bound (for small r). Table 8.4 then lists the maximal number of e -foldings that 
are possible given the constraint < (p max for the models given in Tables 8.1 
and 8.2. 





LV 


SV1 


SV2 


(<p) 


12.02 


1.9 


1.7 


(Pmax 


6.3 


6.14 


6.16 


lyrmax 
e 


72 


64 


64 


A-COBE 


2.1 ■ 10" 45 


1.2 ■ 10~ 7 


2.8 ■ 10~ 7 




1201.6 


29.7 


12.2 



Table 8.4: Model parameters for the inflationary potential. N™ ax denotes the 
number of e -foldings computed when rolling from max to = 1. Aqobe is 
calculated at N e ~ 60 and we set K cs = 3\ng s ~ —3.6. 



But how many e -foldings of inflation are required is itself a function of 
both the inflationary energy scale and the post-inflationary thermal history. For 
instance, suppose the inflaton energy density, p in f ~ Mf n f = Vend-, re-thermalises 
during a re-reheating epoch during which the equation of state is p = wp, at 
the end of which the temperature is T r h, and after this the radiation-dominated 
epoch lasts right down to the present epoch. With these assumptions, M in f, T r h, 



186 



CHAPTER 8. FIBRE INFLATION 



w 



and N e are related bj|l|: 
N e ~ 62 + In 



M 



finf \ (l~3w) 



10 16 GeVy 3(l + w) 



In 



in/ 



r/i 



(8.57) 



This formula is obtained by equating the product aH at horizon exit during 
inflation and horizon re-entry in the cosmologically recent past, ah e Hhe = clqH , 
and using the intervening cosmic expansion to relate these two quantities to N e , 
T rh and M in f [21]. In particular it shows (if w < |) that lower reheat temperatures 
(for fixed M in f) require smaller N e . For instance, if M in f ~ 10 16 GeV and w = 
then an extremely low reheat temperature, T r h — 1 GeV, allows N e ~ 50. 



T rh (GeV) 




n s 


r 


10 10 


57 


0.9702 


0.0057 


5- 10 7 


55 


0.9690 


0.0060 


10 5 


53 


0.9676 


0.0064 


5- 10 3 


52 


0.9669 


0.0066 



Table 8.5: Predictions for cosmological observables as a function of T r h < 10 10 
GeV fixing M inf = 5 • 10 15 GeV (for w = and R = 2.3 • lO" 6 ). 



Given that M in f is constrained by the requirement that inflation generate 
the observed primordial scalar fluctuations (see below), eq. (I8.57P is most use- 
fully read as giving the post-inflationary reheat temperature that is required to 
have modes satisfying k = (aH)* be the right size to be re-entering the horizon at 
present. That is, given a measurement of n s one can invert the prediction n s (N e ) 
to learn iV e , and so also r and the two slow roll parameters, e* and 77*. Then 
computing M in f from the amplitude of primordial fluctuations allows (I8.57P to 
give T r h. In particular, eq. (18.571) represents an obstruction to using the cosmol- 
ogy (without assuming more complicated reheating) if N e is too low, since the 
required T rh would be so low as to be ruled out. 



7 We thank Daniel Baumann for identifying an error in this formula in an earlier version. 
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Figure 8.8: The contours show the 68% and 95% CL. derived from 
WMAP+BAO+SN in the (r - n s ) plane. 



A few illustrative values are listed in Table 8.5, which assumes a matter- 
dominated reheating epoch (w = 0) and takes M in f = 4 x 10 15 GeV, to compute 
N e ~ 57 and function of n s and r. These all show respectable reheat 

temperatures, with 10 3 GeV < T rh < 10 10 GeV, with the upper bound motivated 
by the requirement that gravitini not be overproduced during reheating [217J. 
Furthermore, as shown in Figure these values for n s and r that are predicted 
lie well within the observably allowed range. Furthermore r is large enough to 
allow detection by forthcoming experiments such as EPIC, BPol or CMBPol 
[T92lfT93] . 

Amplitude of Scalar Perturbations: It is not impressive to have relatively large 
values for the tensor-to-scalar ratio, r, unless the amplitude of primordial scalar 
perturbations are themselves observably large. Since this depends on the size 
of Hubble scale at horizon exit, it is sensitive to the constant Vq = = 
C2/V 10 / 3 that pre- multiplies the inflationary potential. The condition that we 
reproduce the COBE normalisation for primordial scalar density fluctuations, 
5h = 1-92 ■ 10~ 5 , can be expressed as: 

W-(^)(^) 2 -2.7-10- 7 , (8.58) 

where the prefactor (g s e Kcs /8tt) is the correct overall normalisation of the scalar 
potential obtained from dimensional reduction [87] . 

As Table 8.4 shows, it is possible to obtain models with many e -foldings and 
which satisfy the COBE normalisation condition, but this clearly prefers relatively 
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large values for g s and 1/V, and so tends to prefer models whose volumes are not 
inordinately large. It is then possible to evaluate the inflationary scale as (setting 
K cs = 3\ng s ~ -3.6): 

M inf = Vln d - V^M P = V4 ~ 5 • 10 15 GeV, (8.59) 

as can be deduced from Table 8.6 which summarises the different inflationary 
scales obtained for the models SV1 and SV2 with smaller values for the overall 
volume. These results were used above in Table 8.5 to determine the correlation 
between observables and reheat temperature. 





SV1 


SV2 




5157.35 


9946.73 


(V) 


1709.55 


1626.12 


Ajmax 
e 


64 


64 


M inf 


5.5 ■ 10 15 


6.8 • 10 15 



Table 8.6: Inflationary scales for models with large r (setting 
K cs = 3\ng s ~ -3.6). 

We have seen that although the Fibre Inflation mechanism can naturally 
produce inflation with detectable tensor modes if the moduli start at large enough 
values for (p [i.e. high-fibre models), the generic such model {e.g. the LV model of 
the Tables) predicts too small a Hubble scale during inflation to have observable 
fluctuations. Such models may nonetheless ultimately prove to be of interest, 
either by using alternative mechanisms |218j to generate perturbations, or as a 
way to generate a second, shorter and relatively late epoch of inflation [219J (as 
might be needed to eliminate relics in the later universe). 

8.2.4 Two-field cosmological evolution 

Given that the resulting volumes, V > 10 3 , are not extremely large, one could 
wonder whether the approximations made above are fully justified or not. We 
pause now to re-examine in particular the assumption that V and r 3 remain fixed 
at constant values while T\ rolls during inflation. We first identify the combination 
of parameters that controls this approximation, and then re-analyse the slow roll 
with these fields left free to move. This more careful treatment justifies our use 
of the single-field approximation elsewhere. 



8.2. FIBRE INFLATION 



189 



Inflaton back-reaction onto V and T3 

Recall that the approximation that V and T3 not move is justified to the extent 
that the ri-independent stabilising forces of the potential 8Vr a ') remain much 
stronger than the forces in 8V( gs ) that try to make V and T3 also move. And this 
hierarchy of forces seems guaranteed to hold because of the small factors of g s and 
1/V 1/3 that suppress the string-loop contribution relative to the a 1 corrections. 
However we also see, from (I8.58P and Table 8.4, that observably large primordial 
fluctuations preclude taking g s e Kcs /V 10 ^ 3 to be too small - at least when they 
are generated by the standard mechanism. This implies a tension between the 
COBE normalisation and the validity of our analysis at fixed V, whose severity 
we now try to estimate. 

Since the crucial issue is the relative size of the forces on V due to 8V^, 
8Vt np \ an d 8V(g 3 ), we first compare the derivatives of these potentials. Keeping in 
mind that it is the variable $ v ~ In V that satisfies the slow-roll condition, we see 
that the relevant derivative to be compared is Vd/dV. Furthermore, since it is 
competition between derivatives of 8Vt np ) and 8Vr a ') in eq. (18.18P that determines 
V in the leading approximation, it suffices to compare the string-loop potential 
with only the a' corrections, say. We therefore ask when: 



dV 



dV 



(8.60) 



or when: 

V 10/3 ^ AgV 1 V :; 



where we take 3 3> 4 e K ^/ 2 during inflation when simplifying the left-hand side. 
Grouping terms we find the condition: 

which is clearly satisfied if we can choose g s and I/V 1 / 3 to be sufficiently small. 
The value for JZ CV predicted by the benchmark models of Tables 8.1 and 8.2 is 
given in Table 8.4. This Table shows that large TZ CV is much larger in large-V 
models, as expected, with 1Z CV > 10 3 in the LV model. By contrast, 1Z CV > 
10 for inflationary parameter choices (SV1 and SV2) that satisfy the COBE 
normalisation. Although these are large, the incredible finickiness of inflationary 
constructions leads us, in the next section, to study the multi-field problem where 
the volume modulus is free to roll in addition to the inflaton. Be doing so we 
hope to widen the parameter space of acceptable inflationary models. 
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Relaxing the Single-Field Approximation 

In this section we redo the inflationary analysis without making the single-field 
approximation. We start from the very general scalar potential, whose form is 



displayed in Figure EH 



/To T^f~ a3T3 W 2 ft 



D [A B Cn\ W, 



+ Iz2-tt^ + ^ hnr- ( 8 - 63 ) 



Here: 



v 3 ^ W V 2 J V 



Hi = = 4a 3 A 3 , /i 3 = — 8.64 



Recall that the correction proportional to D does not depend on T\ which is 
mostly the inflaton, but it can change the numerical value obtained for t 3 and V 
at the minimum. However, for D = g 2 s (C^ K ) <C 1 this modification is negligible. 
Thus we set D = from now on. 




Figure 8.9: Two views of the inflationary trough representing the potential as a 
function of the volume and T\ for R = 0. The rolling is mostly in the T\ direction 
( 'north-west ' direction in the left-hand figure and ' south-west ' direction in the 
right-hand figure). 



The result for V obtained by solving dV/dr 3 = 0, in the limit a 3 r 3 ^> 1, 
reads: 

V = ( 1=™) e -3 ^ ^°^ e <- (8 . 65) 
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Solving (18. 65ft for r 3 , we obtain the result: 

a 3 r 3 ~ a 3 r 3 + In ( ^ ) : = In (cV) , (8.66) 



where c = 2a 3 A 3 /(3a7 Wo). Here the first approximate equality neglects the 
slowly- varying logarithmic factor, bearing in mind that in most of our applications 
we find ~ 2. Using this to eliminate r 3 in (I8.63P then gives the following 
approximate potential for V and T\. 

V = [-Ml* (.V)P + „] § + ^ + (| - ^= + f , (8.67) 

where \x± = §crya 3 3 ^ 2 . 

Given that we set r 3 at its minimum, <9 M r 3 = 0, and so the non canonical 
kinetic terms look like (18.301) . In order now to study inflation, we let the two 
fields V and T\ evolve according to the cosmological evolution equations for non- 
canonically normalised scalar fields: 

$ + + V>^^ + = 0, 

where ifi represents the scalar fields (V and t\ in our case), a is the scalar factor, 
and Y l - k are the target space Christoffel symbols using the metric g. t j for the set 

of real scalar fields cp* such that Q^^j d^^ 1 d^* J = ^gijd^d^cp 1 . 

For numerical purposes it is more convenient to write down the evolution of 
the fields as a function of the number N e of e -foldings rather than time. Using: 

jr H w- < 8 - 69 > 

we avoid having to solve for the scale factor, instead directly obtaining V(N e ) and 
Ti(N e ). The equations of motion are (with ' denoting a derivative with respect 
to iV e ): 



V" = -(A m + 3)(V / + r 1 V% + ^^+^ ) ( 8 - 7 °) 



u 2 y j v 

We shall focus on the parameter case SV2, for which a numerical analysis of the 
full potential gives: 

(V) = 1413.26, (n) = 6.77325, 5 up = 0.082. (8.71) 
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To evaluate the initial conditions, we fix T\ ^> (ti) and then we work out numer- 
ically the minimum in the volume direction (V) = (V)(ri). 

Notice that, in general, in the case of unwarped up-lifting ^f-, the volume di- 
rection develops a run-away for large 7~i, whereas the potential is well behaved for 
the case with warped up-lifting Tpfii- Thus we set the following initial conditions: 

Tl (0) = 5000 V(0) = (V)(ti = 5000) = 1841.25, t{{0) = 0, V'(0) = 0. 

(8.72) 

We need to check now that for this initial point we both get enough e -foldings 
and the spectral index is within the allowed range. In order to do this, we start 
by recalling the generalisation of the slow-roll parameter e in the two-field case: 



v T1 n + v v v 



(8.73) 



and so it becomes a function of the number of e -foldings. In the case SV2, e <C 1 
for the first 65 e -foldings as it is shown in Figure [8. 101 below. 



65 efoldings 



5 efoldings 




30 40 50 60 




Figure 8.10: e versus N for (left) the first 65 e -foldings of inflation and (right) 
the last 5 e -foldings. 



However e grows faster during the last 5 e -foldings until it reaches the value 
e ~ 0.765 at iV = 70 at which point the slow- roll approximation ceases to be valid 
and inflation ends. This can be seen in Figure 18.101 (From here on we save N e 
to refer to the physical number of e -foldings, and denote by iV the variable that 
parameterises the cosmological evolution of the fields). 

Therefore focusing on horizon exit at 58 e -foldings before the end of in- 
flation, we need to start at iV = 12. We also find numerically that at hori- 
zon exit e(N = 12) = 0.0002844 which corresponds to a tensor-to-scalar ration 
r = 4.6 ■ 10~ 3 . Figure 18.111 shows the cosmological evolution of the two fields 
during the last 58 e -foldings of inflation before the fields start oscillating around 
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the minimum. It it clear how the motion is mostly along the T\ direction, as 
expected. 



Figure 8.11: T\ (red curve) and V (blue curve) versus N for the last 58 e -foldings 
of inflation. 

Figure 1%. 121 gives a blow-up of the T\ and V trajectory close to the minimum 
for the last 2 e -foldings of inflation, where it is evident how the fields oscillate 
before sitting at the minimum. 

Finally, Figure 18.131 illustrates the path of the inflation trajectory in the 
T\-V space. 

To consider the experimental predictions of Fibre Inflation we need to make 
sure that the inflaton is able to generate the correct amplitude of density fluctu- 
ations. After multiplying the scalar potential (18.671) by the proper normalisation 
factor g s e Kcs /(8tt), the COBE normalisation on the power spectrum of scalar 
density perturbations is given by: 



where both V and e have to be evaluated at horizon exit for N = 12 corresponding 
to N e = 58. We find numerically that the COBE normalisation is perfectly 
matched: 



atiV = 12: n = 3710.5, V = 1832.74, V = 6.1 • 1(T 7 => VP = 2.15 • 10~ 5 . 



Vol ii 



58 efoldings 




N 




(8.74) 



We need also to evaluate the spectral index which is defined as: 




(8.75) 



194 



CHAPTER 8. FIBRE INFLATION 



2 efoldings Vol 2 efoldings 




Figure 8.12: Plot of the T\ (red curve on the left) and V (blue curve on the right) 
vs N for the last 2 e -foldings of inflation. 



where the latter approximation follows from the fact that k = aH ~ He at 
horizon exit, so dink ~ dN . In Figure 18.141 we plot the spectral index versus 
N around horizon exit, namely between 65 and 44 e -foldings before the end of 
inflation. It turns out that n s (N = 12) = 0.96993, and so our starting point is 
within the experimentally allowed region for the spectral index. 

We also checked that the second slow-roll parameter rj, obtainable from 
V = (n s + 6e — l)/2, is always less than unity during the last 58 e-foldings as 
shown in Figure 18.141 It is interesting to notice that i] vanishes very close to the 
end of inflation for N = 69.88. This is perfect agreement with the presence of 
the inflection point previously found in the fixed-volume approximation. 

The inflationary scale evaluated at the end of inflation turns out to be: 

Mi n f = V^Mp = V{N = 70) 1/4 M P = 5.2 • 10 16 GeV, (8.76) 

and so, using (18.571) for w = 0, we deduce that we can obtain N e = 58 if T r h = 
2.27 • 10 9 GeV which is correctly below 10 10 GeV to solve the gravitino problem. 
Finally we conclude that we end up with the following experimental predictions: 

n s ~ 0.970, r~4.6-10~ 3 , (8.77) 

in agreement with our earlier single-field results. 
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r i 58efoldings 12 efoldings 




Figure 8.13: Path of the inflation trajectory in the T\-V space for the last 58 (left) 
and 12 (right) e -foldings of inflation. 



8.2.5 Naturalness 

Finally, we return to the issue of the stability of the inflationary scenario presented 
here to various kinds of perturbations, and argue that it is much more robust 
than are generic inflationary mechanisms because of the control afforded by the 
LARGE volume approximation^] 

As we have seen in chapter 7, there are several reasons why inflationary 
models are generically sensitive to perturbations of various kinds, of which we 
list several, explaining in each case why Fibre Inflation is not affected by these 
kinds of perturbations. 

Dimension-six Operators and the rj problem: 

A generic objection to the stability of an inflationary scenario rests on the ab- 
sence of symmetries protecting scalar masses. This line of argument |195j grants 
that it is possible to arrange a regime where the scalar potential is to a good 
approximation constant, V — Vq, chosen to give the desired inflationary Hubble 
scale, 3MpH 2 = Vq. It then asks whether there are dangerous higher-dimension 
interactions in the effective theory that are small enough to allow an effective 
field theory description, but large enough to compete with the extraordinarily 
flat inflationary potential. 

In particular, since V is known (by assumption) not to be precluded by 
symmetries of the problem, and since scalar masses are notoriously difficult to rule 
out by symmetries, one worries about the possibility of the following dimension- 



We thank Liam McAllister for several helpful conversations on this point. 
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spectralindex 



58 efoldings 



0.968 



0.962 



0.964 



0.966 



0.972 



0.97 




N 



-0.1 



-0.2 



0.2 



0.1 




N 



10 15 20 25 



Figure 8.14: Left: n s versus N between 65 and 44 e -foldings before the end of 
inflation. Right: 77 versus N during the last 58 e -foldings of inflation. 

six combination of the two: 



where if is the canonically normalised inflaton and M is a suitable heavy scale 
appropriate to any heavy modes that have been integrated out. Such a term is 
dangerous, even with M ~ Mp, because it contributes an amount Vo/Mp ~ H 2 
to the inflaton mass, corresponding to Sr] ~ 0{1). Supersymmetric versions of 
this argument use the specific form Vf — e K U, where U is constructed from the 
superpotential, and argue that inflation built on regions of approximately con- 
stant U get destabilised by generic 5K ~ if* if corrections to the Kahler potential. 

A related question that is specific to the large-field models required for 
large tensor fluctuations asks what controls the expansion of the effective theory 
in powers of ip if fields run over a range as large as Mp. 

We believe that neither of these problems arise in the Fibre Inflation models 
considered here. First, both arguments rely on generic properties of an expansion 
in powers of ip, which is strictly a valid approximation only for small excursions 
about a fixed point in field space. As the previous paragraph points out, such 
an expansion cannot be used for large field excursions and one must instead 
identify a different small parameter with which to control calculations. In the 
present instance this small parameter is given both by powers of 1/V and by 
powers of g s , since these control the underlying string perturbation theory and 
low-energy approximations. In particular, as we find explicitly in appendix B.l, 
in the supersymmetric context these ensure that perturbations to K have the 
form Se ~ 8{1/V 2 ) ~ — 25V/V 3 , and it is the suppression by additional powers 
of the LARGE volume that makes such corrections less dangerous than they 
would generically be. 
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Normally when dangerous corrections are suppressed by a small expansion 
parameter, the suppression can be traced to additional symmetries that emerge 
in the limit that the parameter vanishes. But for large-volume expansions, the 
corrections vanish strictly in the de-compactification limit, V — ► oo, which does 
enjoy many symmetries (like higher- dimensional general covariance) that are not 
evident in the effective lower-dimensional theory. It would be worth understand- 
ing in more detail whether the natural properties of the large-volume expansion 
can be traced to these additional symmetries of higher dimensions. 

Integrating out sub-Planckian modes: 

There is a more specific objection, related to the above. Given the potential 
sensitivity of inflation to higher- dimension operators, this objection asks why the 
inflaton potential is not destabilised by integrating out the many heavy particles 
that are likely to live above the inflationary scale, Mj ~ Vq and below the 
Planck scale? (See, for instance, |216j for more specific variants of this question.) 

In particular, for string inflation models one worries about the potential 
influence of virtual KK modes, since these must be lighter than the string and 
four dimensional Planck scales, and generically couple to any inflaton field. For 
Fibre Inflation this question can be addressed fairly precisely, since virtual KK 
modes are included in the string loop corrections that generate the inflationary 
potential in the first place. 

There are generically two ways through which loops can introduce the KK 
scale into the low-energy theory. First, the lightest KK masses enter as a cutoff 
for the virtual contribution of the very light states that can be studied purely 
within the four dimensional effective theory. These states contribute following 
generic contributions to the inflaton potential: 

6V£j ~ ciSTr M 4 + c 2 ml /2 STr M 2 + • ■ ■ , (8.79) 

where C\ and c 2 are dimensionless constants, the gravitino mass, m 3 / 2 , measures 
the strength of supersymmetry breaking in the low-energy theory, and the super- 
traces are over powers of the generic four dimensional mass matrix, M, whose 
largest elements are of order the KK scale, Mkk- In general low-energy super- 
symmetry ensures c\ = 0, making the second term the leading contribution. 

Now comes the important point. In the LARGE volume models of interest, 
we know that m 3 / 2 ~ V -1 , and we know that Mkk is suppressed relative to 
the string scale by V -1 ^ 6 , and so in Planck units Mkk ~ V~ 2 / 3 . These together 
imply that SV^R ~ y- 10 / 3 ; j n agreement with the volume-dependence of the 
loop-generated inflationary potential discussed above. 

But 5Vi n f also potentially receives contributions from scales larger than 
Mkk and these cannot be described by the four dimensional loop formula, eq. 
(I8.79p . These must instead be computed using the full higher-dimensional (string) 
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theory, potentially leading to the dangerous effective interactions in the low- 
energy theory. This calculation is the one that is explicitly performed for toroidal 
orientifolds in |lU5j and whose properties were estimated more generally in [106J 
and in chapter 5. Their conclusion is that such effective contributions do arise 
in the effective four dimensional theory, appearing there as contributions to the 
low-energy Kahler potential. The contributions from open-string loops wrapped 
on a cycle whose volume is r have the generic form: 



SK ~ - 



I— 0,2 

aiy/T H — p= + 



$.80) 



where it is 1/r that counts the loop expansion. 

These two terms can potentially give contributions to the scalar potential, 
and if so these would scale with V in the following way: 

5V W ~ ^3 + ^3 + ' ' ' • ( 8 - 81 ) 

Notice that the first term is therefore potentially dangerous, scaling as it does 
like Mj (K . However, as we have seen in chapter 5, a simple calculation shows 
that the contribution of a term 6K oc t u jV gives a contribution to Vp of the form 
8Vp oc (uj — |j V~ 8 / 3 , implying that the leading correction to K happens to drop 
out of the scalar potential (although it does contribute elsewhere in the action). 

These calculations show how LARGE volume and four dimensional super- 
symmetry can combine to keep the potentially dangerous loop contributions of 
KK and string modes from destabilising the inflaton potential. We regard the 
study of how broadly this mechanism might apply elsewhere in string theory as 
being well worthwhile. 



8.3 Discussion 

This year the PLANCK satellite is expected to start a new era of CMB observa- 
tions, and to be joined over the next few years by other experiments aiming to 
measure the polarisation of the cosmic microwave background and to search for 
gravitational waves. In this chapter, we have presented a new class of explicit 
string models, with moduli stabilisation, that both agrees with current obser- 
vations and can predict observable gravitational waves, most probable not at 
PLANCK but at future experiments. Many of the models' inflationary predic- 
tions are also very robust against changes to the underlying string/super gravity 
parameters, and in particular predict a definite correlation between the scalar 
spectral index, n s , and tensor-to-scalar ratio, r. It is also encouraging that these 
models realise inflation in a comparatively natural way, inasmuch as a slow roll 
does not rely on fine-tuning parameters of the potential against one another. 
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Other important features of the model are: 

• The comparative flatness of the inflaton direction, Q, is guaranteed by gen- 
eral features of the modulus potential that underly the LARGE volume 
constructions. These ultimately rely on the no-scale structure of the lowest- 
order Kahler potential and the fact that the leading a' corrections depend 
on the Kahler moduli only through the Calabi-Yau volume. 

• The usual rj problem of generic supergravity theories is also avoided be- 
cause of the special features of the no-scale LARGE-volume structure. In 
particular, the expansion of the generic e K = V~ 2 factor of the F-term 
potential are always punished by the additional powers of 1/V, which they 
bring along: 5e K = — 2V~ 3 5V. This result is explicitly derived in appendix 
B.l. 

• The exponential form of the inflationary potential is a consequence of two 
things. First, the loop corrections to K and V depended generically on 
powers of Q and the volume. And second, the leading-order Kahler po- 
tential gives a kinetic term for Q of the form (dlnQ) 2 , leading to the 
canonically normalised quantity cp, with f2 = e re ^, with k = 2/y/3. So 
we know the potential can have a typical large-field inflationary form, 
V — K\ — K2e~ K1 ^ + K 3 e~ K2 ^ + ■ ■ ■ , without knowing any details about 
the loop corrections. 

• The robustness of some of the predictions then follows because the coeffi- 
cients Ki turn out to be proportional to one another. They are proportional 
because of our freedom to shift tp so that tp = is the minimum of V, and 
our choice to uplift this potential so that it vanishes at this minimum. The 
two conditions V(0) = V'(0) = impose two conditions amongst the three 
coefficients Ki, K 2 and K 3 (where three terms in the potential are needed 
to have a minimum). The remaining normalisation of the potential can 
then be expressed without loss of generality in terms of the squared mass, 
ml = V"(0). 

• The exact range of the field tp depends only on the ratio of two parame- 
ters (B/A) of the underlying supergravity. This quantity is typically much 
greater than one due to the string coupling dependence of this ratio, leading 
to 'high-fiber' models for which tp can naturally run through trans-Planckian 
values. B/A 3> 1 also suffices to ensure that the minimum {(p) lies inside 
the Kahler cone. But the range of tp also cannot be too large, since it 
depends only logarithmically on B/A. This implies that tp at most rolls 
through a few Planck scales, which can allow 50 — 60 e -foldings, or even 
a bit more. This makes the models potentially sensitive to details of the 
modulus dynamics at horizon exit, along the lines of [216J, since this need 
not be deep in an inflationary regime. 
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• The COBE normalisation is the most constraining restriction to the un- 
derlying string/supergravity parameters. In particular, as usual, it forbids 
the volume from being very large because it restricts the string scale to be 
of the order of the GUT scale. This leads to the well known tension be- 
tween the scale of inflation and low-energy supersymmetry |114j . Of course, 
this conclusion assumes the standard production mechanism for primordial 
density fluctuations, and it remains an interesting open question whether 
alternative mechanisms might allow a broader selection of inflationary mod- 
els in this class. In particular, this makes the development of a reheating 
mechanism particularly pressing for this scenario. 

• The model is extremely predictive since the requirement of generating the 
correct amplitude of scalar perturbations fixes the inflationary scale of the 
order the GUT scale, which, in turn, fixes the numbers of e -foldings. Lastly 
the number of e -foldings is correlated with the cosmological observables and 
we end up with the general prediction: n s ~ 0.970 and r ~ 0.005. We find 
examples with r ~ 0.01 and n s ~ 1 also to be possible, but only if horizon 
exit occurs very soon after the onset of inflation. 

For these reasons, even though the string-loop corrections to the Kahler potential 
are not fully known for general Calabi-Yau manifolds, because they come as 
inverse powers of Kahler moduli and the dilaton, we believe the results we find 
here are likely to be quite generic. Of course, it would in any case be very 
interesting to have more explicit calculations of the loop corrections to Kahler 
potentials in order to better understand this scenario. Furthermore even though 
blow-up modes are very common for Calabi-Yau manifolds, it would be useful to 
have explicit examples of K3 fibration Calabi-Yau manifolds with the required 
intersection numbers. 

During Fibre Inflation an initially large K3 fiber modulus T\ shrinks, with 
the volume V = t\T\ approximately constant. Consequently, the value of the 
2-cycle modulus £i, corresponding to the base of the fibration, must grow during 
inflation. This forces us to check that t\ is not too small at the start of inflation, 
in particular not being too close to the singular limit t\ — > where perturbation 
theory breaks down. We show in appendix B.2 that the inflationary region can 
start sufficiently far away from this singular limit. The more restrictive limit on 
the range of the inflationary regime is the breakdown of the slow-roll conditions 
as ti gets smaller, arising due to the growth of a positive exponentials in the 
potential when expressed using canonical variables. One can nonetheless show 
that natural choices of the underlying parameters can guarantee that enough 
e -foldings of inflation are achieved before reaching this region of field space. 

It is worth emphasising that, independent of inflation and as mentioned in 
subsection 8.2.1, we have also shown that our scenario allows for the LARGE 
volume to be realised in such a way that there is a hierarchy of scales in the 
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Kahler moduli, allowing the interesting possibility of having two dimensions much 
larger than the rest and making contact with the potential phenomenological and 
cosmological implications of two large extra dimensions scenarios P23 1187] . 

We do not address the issues of initial conditions, which in our case ask why 
the other fields start initially near their minimum, and why inflationary modulus 
should start out high up a fiber. As for Kahler modulus inflation, one argument 
is that any initial modulus configuration must evolve towards its stabilised value, 
and so if the last modulus to reach is minimum happens to be a fibre modulus 
we expect this inflationary mechanism to be naturally at work. 
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Chapter 9 

Finite Temperature Effects 



9.1 Thermal effects in string compact ificat ions 

String compactifications with stabilised moduli typically admit a slightly de Sitter 
metastable vacuum that breaks supersymmetry along with a supersymmetric 
minimum at infinity. In fact, the exponentially large volume minimum of LVS is 
AdS with broken supersymmetry, even before any uplifting. In contrast, in KKLT 
constructions the AdS minimum is supersymmetric and the uplifting term is the 
source of supersymmetry breaking. The two minima are separated by a potential 
barrier V&, whose order of magnitude is very well approximated by the value of 
the potential at the AdS vacuum before uplifting. 

As is well-known, the modulus related to the overall volume of the Calabi- 
Yau couples to any possible source of energy due to the Weyl rescaling of the 
metric needed to obtain a four dimensional supergravity effective action in the 
Einstein frame. Thus, in the presence of any source of energy greater then the 
height of the potential barrier, the system will be driven to a dangerous decom- 
pactification limit. For example, during inflation the energy of the inflaton (p 
could give an additional uplifting term of the form AV((p,V) = V{ip)/V n for 
n > 0, that could cause a run-away to infinity [220J. Another source of danger of 
decompactification is the following. After inflation the inflaton decays to radia- 
tion and, as a result, a high-temperature thermal plasma is formed. This gives rise 
to temperature-dependent corrections to the moduli potential, which could again 
destabilise the moduli and drive them to infinity, if the finite-temperature po- 
tential has a run-away behaviour. The decompactification temperature, at which 
the finite-temperature contribution starts dominating over the T = potential, 
is very well approximated by T max ~ V^ 4 since Vp ~ T 4 . Clearly, T max sets also 
an upper bound on the reheating temperature after inflation. The discussion of 
this paragraph is schematically illustrated in Figure 19.11 
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Figure 9.1: The effective potential V versus the volume modulus 4> for a typical 
potential of KKLT or LARGE Volume compactifications. The different curves 
show the effect of various sources of energy that, if higher than the barrier of the 
potential, can lead to a decompactification of the internal space. 

On the other hand, if, instead of having a run-away behaviour, the finite- 
temperature potential develops new minima, then there could be various phase 
transitions, which might have played an important role in the early Universe and 
could have observable signatures today. The presence of minima at high T could 
also have implications regarding the question how natural it is for the Universe 
to be in a metastable state at T = 0. More precisely, recent studies of various 
toy models [2211 E221 [2231 G23 [225] have shown that, despite the presence of a 
super symmetric global minimum, it is thermodynamically preferable for a system 
starting in a high T minimum to end up at low temperatures in a (long-lived) 
local metastable minimum with broken supersymmetry. Similar arguments, if 
applicable for more realistic systems, could be of great conceptual value given 
the present accelerated expansion of the Universe. 

For cosmological reasons then, it is of great importance to understand the 
full structure of the finite temperature effective potential. In this chapter we shall 
investigate this problem in great detail for the type IIB LARGE Volume Scenario. 
Contrary to the traditional thought that moduli cannot thermalise due to their 
Planck-suppressed couplings to ordinary matter and radiation, we show that in 
LVS some of the moduli can be in thermal equilibrium with MSSM particles for 
temperatures well below the Planck scale. The main reason is the presence of 
an additional large scale in this context, namely the exponentially large volume, 
which enters the various couplings and thus affects the relevant interaction rates. 
The unexpected result, that some moduli can thermalise, in principle opens up 
the possibility that the finite temperature potential could develop new minima 
instead of just having a run- away behaviour as, for example, in [226]. However, 
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we show that this is not the case since, for temperatures below the Kaluza-Klein 
scale, the T-dependent potential still has a run-away behaviour. Although it 
is impossible to find exactly the decompactification temperature T max , as it is 
determined by a transcendental equation, we are able to extract a rather precise 
analytic estimate for it. As expected, we find that T max is controlled by the 
supersymmetry breaking scale: T^ ax ~ rriy 2 Mp. This expression gives also 
an upper bound on the temperature in the early Universe. We show that this 
constraint can be translated into a lower bound on the value of the Calabi-Yau 
volume, by computing the temperature of the Universe T*, just after the heaviest 
moduli of LVS decay, and then imposing T* < T max . 

Our lower bound implies that, for cosmo logical reasons, larger values of the 
volume of the order V ~ 10 15 /f , which naturally lead to TeV-scale supersymmetry, 
are favoured over smaller values of the order V ~ 10 4 Z^ , which lead to standard 
GUT theories. More precisely, what we mean by this is the following. Upon writ- 
ing the volume as V ~ lO 1 and encoding the fluxes and the Calabi-Yau topology 
in the definition of a parameter c, we are able to rule out a significant portion of 
the (x, c)-parameter space that corresponds to small x (for example, for c = 1 we 
obtain x > 6). This is rather intriguing, given that other cosmological considera- 
tions seem to favour smaller values of the volume. Indeed, the inflationary model 
presented in chapter 8 requires V ~ 10 4 /^, in order to generate the right amount 
of density perturbations. Despite that, our lower bound on V does not represent 
an unsurmountable obstacle for the realisation of inflation. The reason is that the 
Fibre Inflation model can give rise to inflation even for large values of the volume. 
Hence, a modification of it, such that the density fluctuations are generated by a 
curvaton-like field different from the inflaton, would be a perfectly viable model 
with large V. The large value of V would imply a low-energy inflationary scale, 
and so, in turn, gravity waves would not be observable. However, it is likely that 
both inflation and TeV-scale supersymmetry could be achieved at the same time, 
with also the generation of a relevant amount of non-gaussianities in the CMB, 
which is a typical feature of curvaton models. 

On the other hand, we pose a challenge for the solution of the cosmological 
moduli problem, that the overall breathing mode of LVS with V > 10 10 l® is 
afflicted by [113] . This is so, because we show that unwanted relics cannot be 
diluted by the entropy released by the decay of the heaviest moduli of LVS, 
nor by a low-energy period of thermal inflation. More precisely, we show that 
the heaviest moduli of LVS decay before they can begin to dominate the energy 
density of the Universe and, also, that in order to study thermal inflation in the 
closed string moduli sector, it is necessary to go beyond our low energy EFT 
description. 

The present chapter is organised as follows. In section l9~2| we recall the gen- 
eral form of the effective potential at finite temperature and discuss in detail the 
issue of thermal equilibrium in an expanding Universe. In section 19.31 we derive 
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the masses and the couplings to visible sector particles of the moduli and modulini 
in LVS. Using these results, in section [93] we investigate moduli thermalisation 
and show that, generically, the moduli corresponding to the small cycles can be 
in thermal equilibrium with MSSM particles, due to their interaction with the 
gauge bosons. In section 19. 5[ we study the finite temperature effective potential 
in LVS. We show that it has a runaway behaviour and find the decompactification 
temperature T max . Furthermore, we establish a lower bound on the Calabi-Yau 
volume, which follows from the constraint that the temperature of the Universe 
just after the small moduli decay should not exceed T max . Finally, in section 
I9.6[ we summarise our results and discuss some open issues, among which the 
question why thermal inflation does not occur within our approximations. 



9.2 Effective potential at finite temperature 

At nonzero temperature, the effective potential receives a temperature-dependent 
contribution. The latter is determined by the particle species that are in thermal 
equilibrium and, more precisely, by their masses and couplings. In this section, we 
review the general form of the finite temperature effective potential and discuss 
in detail the establishment of thermal equilibrium in an expanding Universe. In 
particular, we elaborate on the relevant interactions at the microscopic level. 
This lays the foundation for the explicit computation, in section 19.5.14 of the 
finite temperature effective potential in LVS. 

9.2.1 General form of temperature corrections 

The general structure of the effective scalar potential is the following one: 

V TO t = V + V t , (9.1) 

where Vq is the T = potential and Vr the thermal correction. As discussed in 
chapter 3, Vq has the general form: 

V = SV inp) + 5V {a r } + SV iga) , (9.2) 

where the tree level part is null due to the no-scale structure (recall that we are 
studying the scalar potential for the Kahler moduli), SV( np ) arises due to non- 
perturbative effects, 5V^ are a 1 corrections and the contribution SV^ comes 
from string loops and, as noticed in chapter 5, matches the Coleman- Weinberg 
potential of the effective field theory. In addition, <5V( 5s ) has an extended no- 
scale structure, which is crucial for the robustness of LVS since it renders SV( 9a ) 
subleading with respect to <5V"( np ) and 5V( a i). 
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On the other hand, the finite temperature corrections Vp have the generic 
loop expansion: 

V T = V^ loop + V*- loops + ... . (9.3) 

The first term V^~ loop is a 1-loop thermal correction describing an ideal gas of 
non-interacting particles. It has been derived for a renormalisable field theory 
in flat space in [227] . using the zero-temperature functional integral method of 
[228J, and reads 

yl-loop = ± T^_ dxx2 ^ A ^ e _ Vx 2 +m ^ )2/T2 \ ^ (g 4) 

2lT J \ J 

where the upper (lower) signs are for bosons (fermions) and m is the background 
field dependent mass parameter. At temperatures much higher than the mass 
of the particles in the thermal bath, T ^> m(tp), the 1-loop finite temperature 
correction (19.41) has the following expansion: 

V}-*** = + ^£ + O {Tmifpf) , (9.5) 

where for bosons a = 1 and for fermions a = 7/8. The generalisation of f)9.5p to 
supergravity, coupled to an arbitrary number of chiral superfields, takes the form 
[229]: 



V}- l °° p = (g B + gSf) + ^ {TtMI + TrMj) + O (TM 6 3 ) 



(9.6) 



where g B and gp are, respectively, the numbers of bosonic and fermionic degrees 
of freedom and and Mf are the moduli-dependent bosonic and fermionic mass 
matrices of all the particles forming the thermal plasma. 

If the particles in the thermal bath interact among themselves, we need to 
go beyond the ideal gas approximation. The effect of the interactions is taken into 
account by evaluating higher thermal loops. The high temperature expansion of 
the 2-loop contribution looks like: 



v 2-ioo PS = ^4 J- h{ 9i ) + (3 2 T 2 (TrMl + TrMf) £ ffa) + ... , (9.7) 



where a 2 and (5 2 are known constants, % runs over all the interactions through 
which different species reach thermal equilibrium, and the functions fa are deter- 
mined by the couplings g^ and the number of bosonic and fermionic degrees of 
freedom. For example, for gauge interactions f(g) = const x g 2 , whereas for the 
scalar A0 4 theory one has that /(A) = const x A. 

Now, since we are interested in the moduli-dependence of the finite temper- 
ature corrections to the scalar potential, we can drop the first term on the RHS 
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of (19.61) and focus only on the T 2 term, which indeed inherits moduli- dependence 
from the bosonic and fermionic mass matrices. However, notice that in string 
theory the various couplings are generically functions of the moduli. Thus, also 
the first term on the RHS of (19. 7p depends on the moduli and, even though it 
is a 2-loop effect, it could compete with the second term on the RHS of (19. 6p . 
because it scales as T 4 whereas the latter one scales only as T 2 . This issue has to 
be addressed on a case by case basis, by studying carefully what particles form 
the thermal bath. 



9.2.2 Thermal equilibrium 

In an expanding Universe, a particle species is in equilibrium with the thermal 
bath if its interaction rate, T, with the particles in that bath is larger than the 
expansion rate of the Universe. The latter is given by H ~ gl^T 2 /Mp, during the 
radiation dominated epoch, with g* being the total number of degrees of freedom. 
Thermal equilibrium can be established and maintained by 2 <-> 2 interactions, 
like scattering or annihilation and the inverse pair production processes, and also 
by 1 <-> 2 processes, like decays and inverse decays (single particle productions). 
Let us now consider each of these two cases in detail. 



2^2 interactions 

In this case the thermally averaged interaction rate can be inferred on dimensional 
grounds by noticing that: 

<r> ~ ±, (9.8) 

where (t c ) is the mean time between two collisions (interactions). Moreover: 

t c ~ , (9.9) 

nav 

where n is the number density of the species, a is the effective cross section and v 
is the relative velocity between the particles. Thus (r) ~ n(av). For relativistic 
particles, one has that (v) ~ c (= 1 in our units) and also n ~ T 3 . Therefore: 

(r)~(a)T 3 . (9.10) 

The cross-section a has dimension of (length) 2 and for 2 <-> 2 processes its thermal 
average scales with the temperature as: 

1. For renormalisable interactions: 



9.2. EFFECTIVE POTENTIAL AT FINITE TEMPERATURE 



209 



where a = g 2 / (Ait) (g is the gauge coupling) and M is the mass of the 
particle mediating the interactions under consideration. 

a) For long-range interactions M = and (19. lip reduces to: 

(a) ~ a 2 T- 2 (r) ~ a 2 T. (9.12) 

This is also the form that (19. lip takes for short-range interactions at 
energies E y> M. 

b) For short-range interactions at scales lower than the mass of the me- 
diator, the coupling constant becomes dimensionful and (19.1 ip looks 
like: 

(a) ~ a 2 ^— => (T) ~ a 2 — A . (9.13) 
w M 4 M 4 

2. For processes including gravity: 

a) Processes with two gravitational vertices: 

M-dg =* <r>~rfg, (9.14) 

where d is a dimensionless moduli-dependent constant. 

b) Processes with one renormalisable and one gravitational vertex: 

where d is the same moduli- dependent constant as before. 

Let us now compare these interaction rates with the expansion rate of the 
Universe, H ~ gl^T 2 /Mp, in order to determine at what temperatures various 
particle species reach or drop out of thermal equilibrium, depending on the degree 
of efficiency of the relevant interactions. 



l.a) Renormalisable interactions with massless mediators: 

(T)> H & a 2 T > g l J 2 T 2 M p l T < a 2 g- 1/2 M P . (9.16) 

QCD processes, like the ones shown in Figure 19.21 are the main examples 
of this kind of interactions. The same behaviour of o is expected also 
for the other MSSM gauge groups for energies above the EW symmetry 
breaking scale. Therefore, MSSM particles form a thermal bath via strong 
interactions for temperatures T < a 2 g* 1 ^ 2 Mp ~ 10 15 GeV |230j . 
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Figure 9.2: QCD scattering process qq — > through which quarks and gluons 
reach thermal equilibrium. 



l.b) Renormalisable interactions with massive mediators: 



a T* 1/2 T 2 [gl /2 M* 



1/3 



(T)>H & a 2 — > gl' 1 — ^— — < T < M. (9.17) 
w M 4 * M P \ a 2 M F 

Examples of interactions with effective dimensionful couplings are weak 
interactions below M^w- m this case, the theory is well described by the 
Fermi Lagrangian. An interaction between electrons and neutrinos, like the 
one shown in Figure l9~3| gives rise to a cross-section of the form of (19.131) : 

<"-> ~ 55<rt ~ w/ 2 < < 9 - 18 > 

where a w is the weak fine structure constant and p ~ T. Thus, neutrinos 
are coupled to the thermal bath if and only if 

T> (^Vp) ' ~1 MeV. (9.19) 



2. Gravitational interactions: 

rph rp2 JUT 

a) (r) > H & d—r > g l J 2 — => T > gl /6 ^. (9.20) 

b) (F)>H # y/d^jl > =► T>^^. (9.21) 
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Figure 9.3: Weak interaction between electrons and neutrinos through which they 
reach thermal equilibrium. 




Figure 9.4: Scattering process $g — > gg through which the modulus $ and gluons 
can reach thermal equilibrium. 

As before, case (a) refers to 2 <-> 2 processes with two gravitational vertices, 
whereas in case (b) one vertex is gravitational and the other one is a renor- 
malisable interaction. A typical Kahler modulus of string compactifications 
generically couples to the gauge bosons of the field theory, that lives on the 
stack of branes wrapping the cycle whose volume is given by that modulus. 
Scattering processes, annihilation and pair production reactions, that arise 
due to that coupling, all have cross-sections of the form (19.141) and f)9.15p . 
For all the Kahler moduli in KKLT constructions d ~ 0(1) and so (r) is 
never greater than H for temperatures below the Planck scale, for both 
cases (a) and (b). Therefore, those moduli will never thermalise through 
2^2 processes. However, we shall see in section 19.41 that the situation 
is different for the small modulus in LVS, since in that case d ~ V 2 3> 1. 
A typical 2 <-> 2 process of type (b), with a modulus $ and a non-abelian 
gauge boson g going to two g's, is shown in Figure 19.41 Here $ denotes 
the canonically normalised field, which at leading order in the large-volume 
expansion corresponds to the small modulus. We will give the precise defi- 
nition of $ in section [9731 
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1 2 interactions 

In order to work out the temperature dependence of the interaction rate for 
decay and inverse decay processes, recall that the rest frame decay rate does 
not depend on the temperature. For renormalisable interactions with massless 
mediators or mediated by particles with mass M at temperatures T > M, it 
takes the form: 

rjf ~ am, (9.22) 

where to is the mass of the decaying particle and a ~ g 2 , with g being either 
a gauge or a Yukawa coupling. On the other hand, for gravitational interac- 
tions or for renormalisable interactions mediated by particles with mass M at 
temperatures T < M, we have (M = M P in the case of gravity): 

with D a dimensionless constant (note that in the case of gravity D = y/d, where 
d is the same moduli-dependent constant as in the previous subsection on 2 <-> 2 
interactions). 

( R) 

Now, the decay rate that has to be compared with H is not T D , but its 
thermal average (I'd). In order to evaluate this quantity, we need to switch to 
the 'laboratory frame' where: 

r D = r?VT^ = r^|, (9.24) 

and then take the thermal average: 

<r*) = r^. (9.25) 

In the relativistic regime, T > to, the Lorentz factor 7 = (E)/m ~ T/m, whereas 
in the non-relativistic regime, T < m, 7 = (E)/m ~ 1. 

Notice that, by definition, in a thermal bath the decay rate of the direct 
process is equal to the decay rate of the inverse process. However, for T < m the 
energy of the final states of the decay process is of order T, which means that the 
final states do not have enough energy to re-create the decaying particle. So the 
rate for the inverse decay, T ID , is Boltzmann-suppressed: F ID ~ e~ m l T . Hence, 
the conclusion is that, for T < m, one can never have = Tj£> and thermal 
equilibrium will not be attained. Let us now summarise the various decay and 
inverse decay rates: 

1. Renormalisable interactions with massless mediators or mediated by parti- 
cles with mass M at T > M: 

<r D > ^ { fOT T T ^ m (9.26) 

I g to, tor T < to , 
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g 2 ^, for T > m , 

r /J> H 2 f J\*fi - m /T 7 r r< (9-27) 
\ g m [y) e ' , for T < m . 

Therefore, particles will reach thermal equilibrium via decay and inverse 
decay processes if and only if: 

/r,X rr 2™ 2 U2 T 2 m /SWI P \ 1/3 , 

(r> > # & g 2 — > g l J 2 w =► m < T < tf 1/2 P ) . (9.28) 

p \ 9* 

2. Gravity or renormalisable interactions mediated by particles with mass M 
at T < M: 

n m4 for T > rr? 
L>§2, for T < m , 

D-i^, for T > m , 
3 , fs/2 » 9.30 

with M = Mp in the case of gravity. Therefore, particles will reach thermal 
equilibrium via decay and inverse decay processes if and only if: 

F)>H * D^->gl' 2 ^- 





(9.31) 




M 2 T •'• M P 

In the case of gravitational interactions, f)9.3ip becomes: 

\ i/3 

D ~L7T7~r ) ■ ( 9 - 32 ) 

gl f M P J 

In KKLT constructions, D ~ 0(1) and m ~ 7713/2- So f)9.32p can never be 
satisfied and hence moduli cannot reach thermal equilibrium via decay and 
inverse decay processes. However, we shall see in section 19.41 that in LVS 
one has D ~ V ^> 1 and so 1 <-> 2 processes could, in principle, play a role 
in maintaining thermal equilibrium between moduli and ordinary MSSM 
particles. 



9.3 Moduli masses and couplings 

As we have seen in the previous section, the temperature, at which a thermal 
bath is established or some particles drop out of thermal equilibrium, depends 
on the masses and couplings of the particles. To determine the latter, one needs 
to use canonically normalised fields. In this section, we study the canonical 
normalisation of the Kahler moduli kinetic terms and use the results to compute 
the masses of those moduli and their couplings to visible sector particles. 
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9.3.1 Single- hole Swiss cheese 

We start by focusing on the simplest Calabi-Yau realisation of LVS, the 'single- 
hole Swiss cheese' case described in chapter 4 (i.e., the degree 18 hypersurface 
embedded in CP™ x x 6 g i). First of all, we shall review the canonical normalisation 
derived in [1 13j . In order to obtain the Lagrangian in the vicinity of the zero 
temperature vacuum, one expands the moduli fields around the T = minimum: 

n = (n) + Sn, (9.33) 

r s = (t s )+6t s . (9.34) 
where (r b ) and (r s ) denote the VEV of r b and r s . One then finds: 

£ = K^ijST^i&ri) - (V ) - ^VySnSTi + 0(5t 3 ) , (9.35) 

where i = b,s and (Vo) denotes the value of the zero temperature potential at 
the minimum. To find the canonically normalised fields $ and x, let us write 5rb 
and 5t s as: 

5n = ±= + {v x ) iX \ ■ (9.36) 

Then the conditions for the Lagrangian (19.351) to take the canonical form: 

£ = l -d^d^ + ^drX&X ~ (Vo) - \ml<$> 2 - l -m 2 xX 2 (9.37) 
are the following: 

Kij(v a )i(v/3)j = S a/3 and ^Kj(^a);(^)j = rn 2 a 5 a p . (9.38) 



These relations are satisfied when v$, v x (properly normalised according to the 
first of (I9.38P ) and m|, m 2 , are, respectively, the eigenvectors and the eigenvalues 
of the mass-squared matrix (M 2 )^. = ~ (K" 1 )^ Vjy. 

Substituting the results of [113j for v$, and v x in (19.361) . we can write the 
original Kahler moduli 5ri as (for a s r s ^> 1): 



Sr„ = (^(nYI\r,fl') ^+ i^-(r b )\ ^ ~ V'/«$ + V 2 ' 3 x , (9.39) 
S Ts = ^ (Ttr(Ts> ./^ + ^^. V V 24 + o(1) ,. (9 , 0) 

As expected, these relations show that there is a mixing of the original fields. 
Nevertheless, 5Tb is mostly x an d 5t s is mostly $. On the other hand, the mass- 
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squareds are [113] : 

2 „. ^/^s fg s e K -\24V2ua 2 s (r s y/\ - _ /lnVV', 



# - Tr (M ) ~ (^^^J V a M p ~ (^rj M p ( 9 - 41 ) 



Det(M 2 ) fg s e K ™\ TJv . M| 

m 2 ~ ~ — Ml ~ — . (9.42) 

* Tr (M 2 ) V 8^ / 4a s (r s )V 3 P V 3 lnV 



We can see that there is a large hierarchy of masses among the two particles, 
with $ being heavier than the gravitino mass (recall that m 3 / 2 ~ Mp/V) and x 
lighter by a factor of W. 



Using the above results and assuming that the MSSM is built via magnetised 
Z)7-branes wrapped around the small cycle, we can compute the couplings of the 
Kahler moduli fields of the CPm 1 1 6 9 i model to visible gauge and matter fields. 
This is achieved by expanding the kinetic and mass terms of the MSSM particles 
around the moduli VEVs. The details are provided in appendix C, where we focus 
on T > Mew since we are interested in thermal corrections at high temperatures. 
This, in particular, means that all fermions and gauge bosons are massless and 
the mixing of the Higgsinos with the EW gauginos, that gives neutralinos and 
charginos, is not present. We summarise the results for the moduli couplings in 
Tables 9.1 and 9.2. 





Gauge bosons 


Gauginos 


Matter fermions 


Higgsinos 


X 


i 


i 


No coupling 


i 


MplnV 


VlnV 


VlnV 




n/V 


1 


No coupling 


1 


M P 


V 3 / 2 lnV 


v^lriV 



Table 9.1: C?,j 1169 j case: moduli couplings to spin 1 and 1/2 MSSM 

particles for T > M E w- 





Higgs 


Higgs- Fermions 


SUSY scalars 


x 2 


$2 


X 


M P 


i 


M P 


Mp 


M P 


V 2 (lnV) 2 


MpV 1 / 3 


V 2 (lnV) 2 


V3 


V 2 


$ 


M P 


i 


M P 


Mp 


M P 


V 5/2( lnV )2 


M P V 5 / 6 


V 5/2( lnV )2 


V 5/2 


V 3/2 



Table 9.2: CPm 116 gt case: moduli couplings to spin and 1/2 MSSM 
particles and cubic self-couplings for T > M E w- 
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9.3.2 Multiple- hole Swiss cheese 

Let us now consider the more general Swiss cheese Calabi-Yau three-folds with 
more than one small modulus and with volume given by (14. 7p . In this case we 
find: 

- I E ^MSn)P(Sn) + I E ^^9,(6^(5^) , (9.43) 

i ' ' i<j ' ' 

where = ./— <C 1 and also we have kept only the leading contribution in 

each term (in the limit r& ^> TjVi). Notice that the mixed terms are subleading 
compared to the diagonal ones. So, to start with, one can keep only the first 
line in (I9.43p . Then at leading order the canonically normalised fields \ and 
% = 1, N sma ii, are defined via: 

H = <T 6 ) X ~ O (V 2 / 3 ) X , Sr t = ^J^> 3/4 ^> 1/4 ^ - ° (V 1 ' 2 ) *< ■ 

(9.44) 

As was to be expected, this scaling with the volume agrees with the behaviour 
of Sri, and 5t s in f)9.39p . (19 .401) . Now, let us work out the volume scaling of 
the subdominant mixing terms since it is important for the computation of the 
various moduli couplings. Proceeding order by order in a large-V expansion, we 
end up with: 

5r b ~ O (V 2 / 3 ) X + E ° ( VV6 ) ^ > ( 9 - 45 ) 

i 

Sn ~ O (V 1/2 ) + O (l) x + E ( v ~ 1/2 ) $ i • ( 9 - 46 ) 

This shows that the mixing between the small moduli is strongly suppressed by 
inverse powers of the overall volume, in accord with the subleading behaviour 
of the last term in (19.431) . Furthermore, the fact that the leading order volume- 
scaling of (I9.45p - (I9.46I) is the same as (I9.39I) - (I9.40I) . implies that all small moduli 
behave in the same way as the only small modulus of the CPm x1 6 9 i model. Hence, 
if all the small moduli are stabilised by non-perturbative effects, the moduli mass 
spectrum in the general case will look like (I9.41I) - (I9.42I) . with (I9.4ip valid for all 
the small moduli. In addition, if we assume that all the 4-cycles corresponding to 
small moduli are wrapped by MSSM _D7-branes, the moduli couplings to matter 
fields are again given by Tables 9.1 and 9.2, where now $ stands for any small 
modulus $j. 

However, in general the situation may be more complicated. In fact, the 
authors of [120J pointed out that 4-cycles supporting MSSM chiral matter cannot 
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always get non-perturbative effects^] A possible way to stabilise these 4-cycles 
is to use g s corrections as proposed in chapter 6. In this case, the leading- 
order behaviour of (I9.4ip should not change: m\. ~ ^ H However, the moduli 
couplings to MSSM particles depend on the underlying brane set-up. So let us 
consider the following main cases: 

1. All the small 4-cycles are wrapped by MSSM D7 branes except r np which is 
responsible for non-perturbative effects, being wrapped by an ED3 brane. 
It follows that the MSSM couplings of $ np are significantly suppressed com- 
pared to the MSSM couplings of the other small cycles (still given by Tables 
9.1 and 9.2). This is due to the mixing term in (19.461) being highly sup- 
pressed by inverse powers of V. 

2. All the small 4-cycles are wrapped by MSSM D7 branes except r np which is 
supporting a pure SU(N) hidden sector that gives rise to gaugino conden- 
sation. This implies that the coupling of $ np to hidden sector gauge bosons 
will have the same volume-scaling as the coupling of the other small mod- 
uli with visible sector gauge bosons. However, the coupling of the MSSM 
4-cycles with hidden sector gauge bosons will be highly suppressed. 

3. All the small 4-cycles 7$ support MSSM D7 branes which are also wrapped 
around the 4-cycle responsible for non-perturbative effects r np , but they 
have chiral intersections only on the other small cycles. In this case, the 
coupling of $ np to MSSM particles would be the same as the other $j. How- 
ever, if r np supports an hidden sector that undergoes gaugino condensation, 
the coupling of the MSSM 4-cycles with the gauge bosons of this hidden 
sector would still be highly suppressed. 

9.3.3 K3 fibration 

We turn now to the case of the simplest K3 fibration described in chapter 8. We 
shall consider first the 'LV case, in which the modulus related to the K3 divisor 
is fixed at a very large value, and then the 'SV case, in which the overall volume 
is of the order V ~ 10 3 and the K3 fiber is small. 

1 This is because an ED3 wrapped on the same cycle will have, in general, chiral intersec- 
tions with the MSSM branes. Thus the instanton prefactor would be dependent on the VEVs 
of MSSM fields which are set to zero for phenomenological reasons. In the case of gaugino 

condensation, this non-perturbative effect would be killed by the arising of chiral matter. 
2 It may be likely that m|. depends on subleading powers of (InV) due to the fact that the 

loop corrections are subdominant with respect to the non-perturbative ones, but the main V~ 2 

dependence should persist. 
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In order to compute the moduli mass spectroscopy and couplings, it suffices 
to canonically normalise the fields just in the vicinity of the vacuum. The non- 
canonical kinetic terms look like (with e = -J (t s )/(ti)): 

C hin = -rr-r^d tl (5r 1 )d tl (5r 1 ) + -±-d,(5r 2 )d^5r 2 ) - -^—8,(5^8^(5^) 
^{n) 2 \ T 2) 4(r 2 )(ri) 

(9.47) 



Large K3 fiber 

In the 'LV case where the K3 fiber is stabilised at large value, e < 1. Therefore 
at leading order in a large volume expansion, where (r 2 ) > (tl) 3> (r s ), all 
the cross-terms in (19.471) are subdominant to the diagonal ones, and so can be 
neglected: 

(9.48) 

Therefore, at leading order the canonical normalisation close to the minimum 
becomes rather easy and reads: 

Sn = V2(rx)xi ~ O (V 2/3 ) xu (9.49) 
Sr 2 = (r 2 ) X 2 ~ O (V 2 / 3 ) X 2, (9.50) 

6r. = ^ )1/2 y^ 1/2 ^ (VV^. (9.51) 

However, in order to derive all the moduli couplings, we need also to work out 
the leading order volume-scaling of the subdominant mixing terms in (I9.50p and 
(I9.5ip . This can be done order by order in a large-V expansion and, after some 
algebra, we obtain: 



Sn = axfa)*! + a 2 ^^{r s fl\ 2 + a 3 ^^(r s ) 3 ^, (9.52) 

6r 2 = a 4 ^M(r s ) 3 / 2 Xl + a 5 (r 2 ) X2 + a 6 ^S(r s ) 3 / 4 $, (9.53) 

6t s = a 7 p\(T s )xi + a 8 (r s )X2 + a 9 (ri) 1/4 V^r.) 1 ' 4 *, (9.54) 

V2) 

where the c^, i = 1,...,9 are 0(1) coefficients. The volume-scalings of (19.52p . 
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(1933]) and (l934"j) are the following: 

6n ~ O (V 2/3 ) xi + O (V~ 1/3 ) X2 + O (V 1/6 ) $, (9.55) 
5r 2 ~ O (V- 1/3 ) xi + O (V 2/3 ) x 2 + O (V 1/6 ) $, (9.56) 
<5r s ~ O (1) Xi + ^ (1) X2 + O (V 1 / 2 ) $. (9.57) 

This shows that, if we identify each of T\ and r 2 with the large modulus Tj, in the 
Swiss cheese case, (I9.55P and (I9.56P have the same volume scaling as (I9.39p . as 
one might have expected. Moreover, the similarity of (I9.57P and (19.401) shows that 
also the small moduli in the two cases behave in the same way. Therefore, we can 
conclude that (19.411) is valid also for the K3 fibration case under consideration: 

m$ „ I _ _ j M P . (9.58) 

On the other hand, we need to be more careful in the study of the mass spectrum 
of the large moduli T\ and r 2 . We can work out this 'fine structure', at leading 
order in a large-V expansion, first integrating out r s and then computing the 
eigenvalues of the matrix. The latter are obtained by multiplying the inverse 
Kahler metric by the Hessian of the potential both evaluated at the minimum. 
The leading order behaviour of the determinant of this matrix is: 



Det (K- l d 2 V) ~ T2 \^ , with V ~ Jnr 2 . (9.59) 
Because m 2 2 ^> m^, we have at leading order at large volume: 



mi ~ Tr (K^d'V) ~ 4P^p (9-60) 



X2 



Det(K- l d 2 V) r 2 4 „ M 2 P 
m ~ ~ -I„ ~ — — 9 61) 



Identifying t\ with r 2 , (19.611) simplifies to ~ V -10 ^ 3 , confirming the quali- 
tative expectation that the T\ direction is systematically lighter than V in the 
large-V limit. 

Using the results of this section and assuming that the MSSM branes are 
wrapped around the small cycl^l, it is easy to repeat the computations of ap- 
pendix C for the K3 fibration. Due to the fact that the leading order V-scaling 
of (I9.55p - (l9.57p matches that of the single-hole Swiss cheese model, we again find 
the same couplings as those given in Tables 9.1 and 9.2, where now \ stands for 
any of Xi and X2- 



3 We also ignore the incompatibility between localising non-perturbative effects and the 
MSSM on the same 4-cycle. 
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Small K3 fiber 

In the £ SV case where the K3 fiber is stabilised at small value, e ~ 1. Therefore 
at leading order in a large volume expansion, where (r 2 ) ^> (ti) > (r s ), the first 
term in (19.471) is dominating the whole kinetic Lagrangian. Hence we conclude 
that, at leading order, the canonical normalisation of 8r\ close to the T = 
minimum is again given by (19.491) . However, now its volume scaling reads: 

5ti ~ O (1) Xi + (subleading mixing terms) . (9.62) 

To proceed order by order in a large volume expansion, note that the third and the 
sixth term in (I9.47P are suppressed by just one power of (r 2 ), whereas the second, 
fourth and fifth term are suppressed by two powers of the large modulus. Thus, 
we obtain the following leading order behaviour for the canonical normalisation 
of the two remaining moduli: 

St 2 ~0{V)xi + (V) X2 + O (V) $, (9.63) 
5t s ~ O (V 1/2 ) xi + O (V 1/2 ) $ + subleading mixing terms. (9.64) 

Notice that the canonically normalised field Xi corresponds to the K3 divisor n, 
whereas $ is a mixing of T\ and the blow-up mode r s . Finally X2 is a combination 
of all the three states, and so plays the role of the 'large' field. The moduli mass 
spectrum will still be given by (19.581) . (19.601) and (19.611) . However now the volume 
scaling of (I9.6ip simplifies to m 2 ~ V -2 , confirming the qualitative expectation 
that Xi is also a small field with a mass of the same order of magnitude of m$. 

The computation of the moduli couplings depends on the localisation of 
the MSSM within the compact Calabi-Yau. Given that As the scalar potential 
receives non-perturbative corrections in the blow-up mode r s , in order for the 
non-perturbative contributions to be non-vanishing, the MSSM branes have to 
wrap either the small K3 fiber T\ or the 4-cycle given by the formal sum r s + T\ 
with chiral intersections on t\. In both cases, we cannot immediately read off the 
moduli couplings from the results of appendix C. This is due to the difference of 
the leading order volume scaling of the canonical normalisation between the 'SV 
case for the K3 fibration and the Swiss cheese scenario 

However, as we shall see in the next section, in the Swiss cheese case, the 
relevant interactions through which the small moduli can thermalise, are with the 
gauge bosons. As we shall see in section 19.4. 3[ these interactions will also be the 
ones that are crucial for moduli thermalisation in the K3 fibration case. There- 
fore, here we shall focus on them only. Following the calculations in subsection 
IC 1.11 of appendix C, we infer that if only t\ is wrapped by MSSM branes, then 
the coupling of xi with MSSM gauge bosons is of the order g ~ 1/Mp without 

4 We stress also that presently there is no knowledge of the Kahler metric for chiral matter 
localised on deformable cycles. 
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any factor of the overall volume, while the coupling of $ with gauge bosons will 
be more suppressed by inverse powers of V. On the other hand, if both T\ and 
t s are wrapped by MSSM branes, then the couplings of both small moduli with 
the gauge bosons are similar to the ones in the Swiss cheese case: g ~ VV/Mp. 
Moreover, if gaugino condensation is taking place in the pure SU (N) theory sup- 
ported on t s , then both xi and $ couple to the hidden sector gauge bosons with 
strength g ~ \/V /M P . 

We end this subsection by commenting on K3 fibrations with more than 
one blow-up mode. In such a case, it is possible to localise the MSSM on one of 
the small blow-up modes and the situation is very similar to the one outlined for 
the multiple-hole Swiss cheese. The only difference is the presence of the extra 
modulus related to the K3 fiber, which will couple to the MSSM gauge bosons 
with the same strength as the small modulus supporting the MSSM. This is 
because of the particular form of the canonical normalisation, which, for example 
in the case of two blow-up modes r sl and t s2 , looks like (19.621) and (I9.63P together 
with: 

5r sl ~ O (V 1/2 ) xi + O (V 1/2 ) $i + subleading mixing terms, (9.65) 
5r s2 ~ O (V 1/2 ) Xi + O (V 1/2 ) $ 2 + subleading mixing terms. (9.66) 



9.3.4 Modulini 

In this subsection we shall concentrate on the supersymmetric partners of the 
moduli, the modulini. More precisely, we will consider the fermionic components 
of the chiral superfields, whose scalar components are the Kahler moduli. The 
kinetic Lagrangian for these modulini reads: 



i d 2 K 



C kin = -^-Sfj-fd^SfJ , (9.67) 



where the Kahler metric is the same as the one that appears in the kinetic terms 
of the Kahler moduli. Therefore, the canonical normalisation of the modulini 
takes exactly the same form as the canonical normalisation of the corresponding 
moduli. For example, in the single-hole Swiss cheese case, we have: 

Sh = (yfiWW) (^(r b )^j=-V^ + V^xA^8) 

Sf. = ( 2 -^{r b f'\r s )^\ i= + (^\ -| ~ + O (1) X . (9.69) 



We focus now on the modulini mass spectrum. We recall that in LVS the mini- 
mum is non-supersymmetric, and so the Goldstino is eaten by the gravitino via 
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the super-Higgs effect. The Goldstino is the supersymmetric partner of the scalar 
field, which is responsible for supersymmetry breaking. In our case this is the 
modulus related to the overall volume of the Calabi-Yau, as can be checked by 
studying the order of magnitude of the various F-terms. Therefore, the volume 
modulino is the Goldstino. More precisely, in the CPn x x 6 9 ] case, x is eaten by 

the gravitino, whereas the mass of $ can be derived as follows: 

mf = TtMj = (e G K^K^(V l G l + ^)(VjG m + ^)), (9.70) 

where the function G = K+ln \ W\ 2 is the supergravity Kahler invariant potential, 
and ViGj = Gij - V\-G h with the connection 1^ = K m diK m . Equation fl9T0D 
at leading order in a large volume expansion, can be approximated as: 

m|^(e G |(^(V s G s + ^)| 2 ) (9.71) 

where V S G S ~ G ss — T S SS G S and T s ss ~ K ss d s K sS . In the single-hole Swiss cheese 
case, for a s r s 3> 1, we obtain: 

m% ^ (g ,^M| ( XaiA> ^. r , _ g^W^-^ + M |). (9.72) 



7T 



V v 2V 2 



Evaluating (19. 72p at the minimum, we find that the mass of the modulino $ is 
of the same order of magnitude as the mass of its supersymmetric partner <3>: 

a 2 s (r s ) 2 W \ 2 /InV ' 
<J>- y2 M P~ l-y 



mi ~ Mp ~ Rf ~ "4 • (9-73) 



Similarly, it can be checked that, in the general case of multiple-hole Swiss cheese 
Calabi-Yaus and K3 fibrations, the masses of the modulini also keep being of 
the same order of magnitude as the masses of the corresponding supersymmetric 
partners. 

We now turn to the computation of the modulini couplings. In fact, we are 
interested only in the modulino-gaugino-gauge boson coupling since, as we shall 
see in section 19.41 this is the relevant interaction through which the modulini 
reach thermal equilibrium with the MSSM thermal bath. This coupling can be 
worked out by recalling that the small modulus t s couples to gauge bosons X as 
(see appendix IC.l.lj) : 



£gauge ~ Mp^^"^^ ' (9.74) 

The supersymmetric completion of this interaction term contains the following 
modulino-gaugino-gauge boson coupling: 

c ~ w a " ux ' F » v • (9 - 75) 
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Now, expanding r s around its minimum and going to the canonically normalised 
fields G^ v and A denned as (see appendices IC. 1 . II and IC. 1 .21) : 



G>, = y/fjjF^ , A = v^A' , (9.76) 

we obtain: 

c ~ icftV"^ ■ (9 - 77) 

Hence, by means of (19.691) . we end up with the following dimensionful couplings: 

~ ( M P In V 



^xx ~ (tT^V^X^XG^, (9.78) 



W ~ l#)^AG^. (9.79) 



9.4 Study of moduli thermalisation 

Using the general discussion of section 19.2.21 and the explicit expressions for the 
moduli masses and couplings of section 19.31 we can now study in detail which 
particles form the thermal bath. Consequently, we will be able to write down the 
general form that the finite temperature corrections of section 19.2.11 take in the 
LVS. 

We shall start by focusing on the simple geometry CPS x x 6 9 i (18), and then 
extend our analysis to more general Swiss cheese and fibred Calabi-Yau mani- 
folds. We will show below that, unlike previous expectations in the literature, 
the moduli corresponding to small cycles that support chiral matter can reach 
thermal equilibrium with the matter fields. 



9.4.1 Single- hole Swiss cheese 

As we have seen in section 19.2.21 both 2^2 and 1 <->• 2 processes can establish 
and maintain thermal equilibrium. Let us now apply the general conditions of 
section 19.2.21 to our case. 

As we have already pointed out, scattering and annihilation processes in- 
volving strong interactions will establish thermal equilibrium between MSSM 
particles for temperatures T < a 2 s g^ 1 ^ 2 M P ~ 10 15 GeV. Let us now concentrate 
on the moduli. 
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Small modulus $ 

From section 19.3. 1[ we know that the largest coupling of the small canonical 
modulus $ is with the non-abelian gauge bosons denoted by X: 

Uxx = gzxx^F^F^, g*xx ~ ~ ^r- (9.80) 

IVl p IVlg 

Therefore according to (19.20p . scattering or annihilation and pair production 
processes with two gravitational vertices like X + X $ + $, X + $ X + $, 
or X + X «-> X + X, can establish thermal equilibrium between $ and X for 
temperatures: 

T > = (9.81) 

where T^ denotes the freeze-out temperature of the modulus. Taking the num- 
ber of degrees of freedom g* to be 0(100), as in the MSSM, we find that (19.811) 
implies T > 5 x 10 8 GeV for V ~ 10 15 , whereas T > 10 16 GeV for V ~ 10 4 . In 
fact, for a typically large volume (V > 10 10 ) a more efficient 2^2 process is 
X + X <r-> X + $ with one gravitational and one renormalisable vertex with cou- 
pling constant g. Indeed, according to (I9.2ip . such scattering processes maintain 
thermal equilibrium for temperatures: 

1/2 

T > Tf ] = - ~ 10 3 — f for </, ~ 100 and g ~ 0.1 , (9.82) 
1 g l v V 

which for V ~ 10 15 gives T > 10 6 GeV while for V ~ 10 4 it gives T > 10 17 GeV. 

Finally, let us investigate the role played by decay and inverse decay pro- 
cesses of the form $ <-> X + X. We recall that such processes can, in principle, 
maintain thermal equilibrium only for temperatures: 

In V 

T > 771$ ~ -yM P , (9.83) 

because the energy of the gauge bosons is given by Ex ~ T and hence for T < m$ 
it is insufficient for the inverse decay process to occur. However, for T > m$ the 
process X + X — > <I> does take place and so one only needs to know the rate of the 
decay $ — > X + X in order to find out whether thermal equilibrium is achieved. 
According to (19.321) with D ~ g\ xx /Ai: ~ V/47T, where we have also used (I9.80p . 
the condition for equilibrium is that: 

/ \ V3 / \ 1/3 

/ Vm, \ / JnV_\ _ 

T <T eq = -j- m$ ~ -pr m$ = Km$ . (9.84) 

\A7rgl /2 Mp) l% 1/2 i 
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Hence thermal equilibrium between $ and X can be maintained by 1 <-> 2 pro- 
cesses only if k > l|§ However, estimating the total number of degrees of freedom 
as g* ~ (9(100), and writing the volume as V ~ 10 z , we obtain that k > 1 
x > 55. Such a large value is unacceptable, as it makes the string scale too small 
to be compatible with observations. Therefore, we conclude that in LVS the small 
modulus $ never thermalises via decay and inverse decay processes. 

The final picture is the following: 

• For V of order 10 15 (10 10 ), as in typical LVS, from (19.821) we deduce that the 
modulus $ is in thermal equilibrium with MSSM particles for temperatures 
T > Tj 2) ~ 10 6 GeV (T > Tj 2) ~ 10 11 GeV) due to X + X <-► $ + X 
processes. 

• On the other hand, for V < 10 10 , as for LVS that allow gauge coupling 
unification, the main processes that maintain thermal equilibrium of the 
modulus $ with MSSM particles are purely gravitational: X + X «-> $ + $, 
$ + X^$ + XorX + X^X + X and the freeze-out temperature is 
given by (BTgll) . For example for V ~ 10 4 M s ~ 10 16 GeV), $ is in 
thermal equilibrium for temperatures T > ~ 5 x 10 15 GeV. 

We stress that this is the first example in the literature of a modulus that reaches 
thermal equilibrium with ordinary particles for temperatures significantly less 
than Mp, and so completely within the validity of the low energy effective theory. 
Note that we did not focus on the interactions of $ with other ordinary and 
supersymmetric particles, since the corresponding couplings, derived in appendix 
C, are not large enough to establish thermal equilibrium. 

Finally, let us also note that, once the modulus $ drops out of thermal 
equilibrium, it will decay before its energy density can begin to dominate the 
energy density of the Universe, unlike traditional expectations in the literature. 
We will show this in more detail in section 19.5.31 

Large modulus x 

As summarised in section I9.3.1[ the coupling of the large modulus x with gauge 
bosons is given by 

£ x xx = QxxxXV", 9 x xx ~ u \„ . (9.85) 



5 The exact value of k can be worked out via a more detailed calculation, very simi- 
lar to the one that we will carry out in section 19.5.41 It turns out that this value differs 
from the estimate in (|9.84|) just by a multiplicative factor c 1 / 3 of 0(1). More precisely, 
c = 18(7r(r s ))~ 3 / 2 e" R " CB / 2 Wo\/lOg s and so, for natural values of all the parameters: Wo = 1, 
g s = 0.1, (t s ) = 5, K cs = 3, we obtain c 1 / 3 = 1.09. 
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Consequently purely gravitational 2^2 processes like X + X x + X> X + x 
X + Xi or X + X <-> X + X, could establish thermal equilibrium between x an d 
X for temperatures: 

T > Tf ] = ^ 1/6 M P (In V) 4/3 . (9.86) 

On the other hand, scattering processes like X+X «-> X+x with one gravitational 
and one renormalisable vertex with coupling constant g, could maintain thermal 
equilibrium for temperatures: 

1/2 Tyr 

T > Tf ] = 9 * 2 P (In V) 2 ~ 10 3 M P (In V) 2 , for ^-100 and g ~ 0.1 . 

(9.87) 

Clearly, both and T'j 2 '' are greater than Mp and so we conclude that x can 
never thermalise via 2^2 processes. It is also immediate to notice that thermal 
equilibrium cannot be maintained by 1 «-> 2 processes, like x X + X, either. 
The reason is that, as derived in [113] . for typical LARGE values of the volume 
V ~ 10 10 — 10 15 , the lifetime of the large modulus x is greater than the age of 
the Universe. Hence this modulus could contribute to dark matter and its decay 
to photons or electrons could be one of the smoking-gun signal of LVS. 

Furthermore, as can be seen from section 19.3.11 the couplings of x to other 
MSSM particles are even weaker than its coupling to gauge bosons. So x cannot 
thermalise via any other kind of interaction. Finally, one can also verify that 
thermal equilibrium between x an d $ can never be maintained via 1^2 and 
2^2 processes involving only the moduli, which processes arise due to the 
moduli triple self-couplings computed in appendix IC.1.31 Therefore, x behaves 
typical modulus studied in the literature. 



9.4.2 Multiple-hole Swiss cheese 

We shall now extend the results of section 19.4.11 to the more general case of 
Calabi-Yau three-folds with one large cycle and several small ones. We shall not 
focus on explicit models since this is beyond the scope of this chapter, but we 
will try to discuss qualitatively the generic behaviour of small moduli in the case 
of 'multiple-hole Swiss cheese' Calabi-Yau manifolds. 

As we have seen in section 19.3. Ij. the couplings with MSSM particles of 
all the small cycles wrapped by MSSM branes have the same volume scaling 
as the corresponding couplings of the single small modulus in the CP^ 1 1 6 9 i 
case. Moreover, in section 19.4.11 we have learned that $ can thermalise via its 
interaction with gauge bosons. Hence, we conclude that the same arguments as 
in section 19.4.11 can be applied for > 2 and so all small cycles, that support 
MSSM chiral matter, reach thermal equilibrium with the gauge bosons. 

Note however that, as we already pointed out in section 19.3. 1] the situation 
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may be more complicated in concrete phenomenological models due to the pos- 
sibility that non-perturbative effects may be incompatible with MSSM branes, 
which are localised on the same 4-cycle [120]. Whether or not such an incom- 
patibility arises depends on the particular features of the model one considers, 
including the presence or absence of charged matter fields with non-vanishing 
VEVs. As a consequence of these subtleties, the issue of moduli thermalisation 
is highly dependent on the possible underlying brane set-ups. To gain familiarity 
with the outcome, let us explore in more detail several brane set-ups in the case 
of only two small moduli. At the end we will comment on the generalisation of 
these results to the case of arbitrary hi t i. 

We will focus on the case = 3 with two small moduli n and r 2 , that 
give the volumes of the two rigid divisors I\ and r 2 . The results of subsection 
19.4. II imply the following for the different brane set-ups below: 

1. If Ti is wrapped by an ED3 instanton and T 2 is wrapped by MSSM branes: 

• T\ couples to MSSM gauge bosons with strength g ~ l/(\/VMp) =^> 
Ti does not thermaliseO 

• t 2 couples to MSSM gauge bosons with strength g ~ \/V/Mp =>- r 2 
thermalises. 

2. If Ti is wrapped by an ED3 instanton and I\ + T 2 is wrapped by MSSM 
branes with chiral intersections on T 2 j3 

• 7~i couples to MSSM gauge bosons with strength g ~ \/V /M P =^ T\ 
thermalises. 

• r 2 couples to MSSM gauge bosons with strength g ~ \/V /M P =>- r 2 
thermalises. 

3. If T 1 is supporting a pure SU(N) theory, that undergoes gaugino conden- 
sation, and T 2 is wrapped by MSSM branes: 

• T\ couples to MSSM gauge bosons with strength g ~ 1/ '{s/VMp) and 
to hidden sector gauge bosons with strength g ~ W/Mp =^ n ther- 
malises via its interaction with hidden sector gauge bosons. 

6 The coupling g ~ l/(VVMp) can be worked out by substituting the expression (|9.46|) in 
(|C.7[) . As pointed out in point 1 at the end of section 9.3.2, the weakness of this coupling is 

due to the mixing term in (|9.46[) being highly suppressed by inverse powers of V. 

7 We assume that a single £)7-brane is wrapping T2 in order to get chirality from the intersec- 
tion with the MSSM branes. The same assumption applies throughout this chapter everywhere 
we use the expression 'chiral intersections on some divisor'. 
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• r 2 couples to MSSM gauge bosons with strength g ~ vV/Mp and 
to hidden sector gauge bosons with strength g ~ l/(vVMp) =>- t 2 
thermalises via its interaction with MSSM gauge bosons. 

Hence in this case there are two separate thermal baths: one contains t% and 
the hidden sector gauge bosons at temperature 7\, whereas the other one is 
formed by r 2 and the MSSM particles at temperature T 2 . Generically, we 
would expect that 7\ 7^ T 2 since the two thermal baths are not in contact 
with each other. 

4. If T 1 is supporting a pure SU (N) theory, that undergoes gaugino conden- 
sation, and Ti + T 2 is wrapped by MSSM branes with chiral intersections 
on T 2 : 

• 7~i couples both to MSSM and hidden sector gauge bosons with strength 
g ~ yV/Mp =>- 7~i thermalises. 

• r 2 couples to MSSM gauge bosons with strength g ~ vV/Mp and 
to hidden sector gauge bosons with strength g ~ l/(WMp) =>- r 2 
thermalises via its interaction with MSSM gauge bosons. 

Unlike the previous case, now there is only one thermal bath, which contains 
both 7~i and r 2 together with the MSSM particles and the hidden sector 
gauge bosons, since in the present case T\ interacts strongly enough with 
the MSSM gauge bosons. 

We can now extend these results to the general case with h\ % \ > 3 by noticing 
that a small 4-cycle wrapped by MSSM branes will always thermalise via its 
interaction with MSSM gauge bosons. On the other hand, for a 4-cycle that 
is not wrapped by MSSM branes there are the following two options. If it is 
wrapped by an ED3 instanton, it will not thermalise. If instead it is supporting 
gaugino condensation, it will reach thermal equilibrium with the hidden sector 
gauge bosons. 

9.4.3 K3 fibration 

Let us now turn to the issue of moduli thermalisation for K3 fibrations. As 
we have seen in section 19.3.31 there is an essential difference between the cases 
when the K3 fiber is stabilised at a large and at a small value. Let us consider 
separately each of these two situations. 

Large K3 fiber 

As we have already stressed in section I9.3.3[ in the case 'LV where the K3 
divisor is stabilised large, the small modulus $ plays exactly the same role as 
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the small modulus of the single-hole Swiss cheese case, whereas both xi an d X2 
behave as the single large modulus. Hence we can repeat the same analysis as in 
section 19.4.11 and conclude that only $ will reach thermal equilibrium with the 
MSSM particles via its interaction with the gauge bosons. 

Small K3 fiber 

The study of moduli thermalisation in the case of small K3 fiber is more 
complicated. We shall first focus on Calabi-Yau three-folds with just one blow- 
up mode and later on will infer the general features of the situation with several 
blow-ups. 

K3 fibrations with hi t i = 3 are characterised by two small moduli: t% that 
gives the volume of the K3 divisor r 1; and r s which is the volume of the rigid 
divisor T s . The canonically normalised fields \i an d $ are defined by (19.621) and 
fl9.64p . We recall that one has to be careful about the possible incompatibility of 
MSSM branes on T s with the non-perturbative effects that this cycle supports. 
Hence, to avoid dealing with such subtleties, below we will assume that the MSSM 
branes are not wrapping T s . Again, using the results of section 19.4.11 we infer 
the following for the different brane set-ups below: 

1. If T s is wrapped by an ED3 instanton and Ti is wrapped by MSSM branes: 

• Xi couples to MSSM gauge bosons with strength g ~ 1/M P =>- xi does 
not thermalise. 

• $ couples to MSSM gauge bosons more weakly than xi $ does not 
thermalise. 

2. If T s is wrapped by an ED3 instanton and T s + Ti is wrapped by MSSM 
branes with chiral intersections on Vi. 

• xi couples to MSSM gauge bosons with strength g ~ W/Mp =>- xi 
thermalises. 

• $ couples to MSSM gauge bosons with strength g ~ \^V/Mp =>- $ 
thermalises. 

3. If T s is supporting a pure SU(N) theory, that undergoes gaugino conden- 
sation, and Ti is wrapped by MSSM branes: 

• Xi couples to MSSM gauge bosons with strength g ~ 1/M P and to hid- 
den sector gauge boson with strength g ~ yV/M P =3- Xi thermalises 
via its interaction with hidden sector gauge bosons. 

• $ couples to MSSM gauge bosons more weakly than xi and to hidden 
sector gauge bosons with strength g ~ \/V/Mp =3> $ thermalises via 
its interaction with hidden sector gauge bosons. 
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In this case, two separate thermal baths are established: one contains Xii $ 
and the hidden sector gauge bosons at temperature T 1; whereas the other 
one is formed by the MSSM particles at temperature T 2 . Generically, we 
expect that T\ 7^ T 2 since the two thermal baths are not in contact with 
each other. 

4. If T s is supporting a pure SU(N) theory, that undergoes gaugino conden- 
sation, and T s + Ti is wrapped by MSSM branes with chiral intersections 
on Ti. 

• xi couples both to MSSM and hidden sector gauge bosons with strength 
g ~ W/Mp =^> xi thermalises. 

• $ couples both to MSSM and hidden sector gauge bosons with strength 
g ~ W/Mp =^> $ thermalises. 

Now only one thermal bath is established containing xii ^ the hidden 
sector gauge bosons and the MSSM particles, since both moduli interact 
with equal strength with the gauge bosons of the MSSM and of the hidden 
sector. 

It is interesting to notice that both moduli xi an d & thermalise in all situations, 
except when the blow-up mode is wrapped by an ED3 instanton only. In this 
particular case, no modulus thermalises. It is trivial to generalise these conclu- 
sions for more than one blow-up mode and the MSSM still localised on the K3 
fiber. 

On the other hand, if the MSSM is localised on one of the rigid divisors, 
then for the case of more than one blow-up mode one can repeat the same general 
conclusions as at the end of subsection 19.4.21 with in addition the fact that Xi 
will always thermalise as soon as one of the blow-up modes thermalises. This is 
due to the leading order mixing between $ and any other small modulus, as can 
be seen explicitly in (I9.65|) and (19.661) . 

9.4.4 Modulini thermalisation 

The study of modulini thermalisation is straightforward since, as we have seen 
in section 19.3. 4[ the canonical normalisation for the modulini takes exactly the 
same form as the canonical normalisation for the moduli. This implies that, after 
supersymmetrisation, the small modulino-gaugino-gauge boson coupling has the 
same strength as the small modulus-gauge boson-gauge boson coupling. Given 
that this is the relevant interaction for moduli thermalisation, we can repeat 
the same considerations as those in sections 19.4.11 and I9.4.3[ and conclude that 
the modulini thermalise every time, when their supersymmetric partners reach 
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thermal equilibrium with the MSSM thermal bath. Note however that, if for 
the moduli the relevant processes are 2 <-> 2 interactions with gauge bosons, the 
crucial 2 <-> 2 processes for the modulini are: 

• 2 <-> 2 processes with two gravitational vertices dominant for V < 10 10 : 

x + x ^ <i> + <i>, x + x <-+ $ + x + $ x + $, x + $ ^ x + 4>, 
x + x^->x + x, x + x<-+x + x. 

• 2^2 processes with one gravitational and one renormalisable vertex dom- 
inant for V > 10 10 : X + $^X + X, X + $^X + X. 



9.5 Finite temperature corrections in LVS 

In this section we study the finite temperature effective potential in LVS. We show 
that it has runaway behaviour at high T and compute the decompactification 
temperature T max . We also investigate the cosmological implications of the small 
modulus decay. By imposing that the temperature just after its decay (regardless 
of whether or not that decay leads to reheating) be less than T max , in order to 
avoid decompactification of the internal space, we find important restrictions on 
the range of values of the Calabi-Yau volume. 

9.5.1 Effective potential 

We shall now derive the explicit form of the finite temperature effective potential 
for LVS, following the analysis of moduli thermalisation performed in section 
19.41 We will study in detail the behaviour of thermal corrections to the T = 
potential of the simple CP^ 1169 ] model, and then realise that the single-hole 
Swiss cheese case already incorporates all the key properties of the general LVS. 

Single-hole Swiss cheese 

As we have seen in section 19.4.11 not only ordinary MSSM particles ther- 
malise via Yang-Mills interactions but also the small modulus and modulino reach 
thermal equilibrium with matter via their interactions with the gauge bosons. 
Therefore, the general expression (I9.6P for the 1-loop finite temperature effective 
potential, takes the following form: 

v}- loop = (g B + \g^j + + < + E M2 soft)j +-■ ( 9 - 88 ) 

We recall that (19.88P is a high temperature expansion of the general 1-loop inte- 
gral (19. 4p . and so it is valid only for T ^> mq>,m^, M so f t ,i- The general moduli- 
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dependent expression for the modulino mass-squared m| is given by (I9.72p with- 
out the vacuum expectation value. On the other hand, in the limit r& ^> r s , m| 
can be estimated as follows: 

For a s r s ^> 1, the previous expression (I9.89p . at leading order, becomes: 

m| ^ W-Mj ( 72A , a , T , e ^., _ ) . (9.90) 

It can be shown that the gaugino and scalar masses arising from gravity mediated 
supersymmetry breakings are always parametrically smaller than m$ and m^, 
and so we shall neglect them. Moreover we shall drop also the 0(T A ) term in 
(I9.88P since it has no moduli dependence. Therefore, the relevant 1-loop finite- 
temperature effective potential reads: 

V}-^ = ^(m% + m%) + ... , (9.91) 
which using (19.721) and (I9.90p . takes the form: 



rpl / K C3 T\yT2 
yl-loop 1 I <J* ( 1 I 



T ~~ 24 \ vr 



X l T s e~^ - A 2 (4 + a s r s ) ^L— + ^ 



+ ... , 
(9.92) 

with: 

Ai = lOSA 2 s aj, A 2 = 3a 2 s A s W /V2. (9.93) 

Given that the leading contribution in (19.881) . namely the (9(T 4 ) term, does not 
bring in any moduli dependence, we need to go beyond the ideal gas approxima- 
tion and consider the effect of 2-loop thermal corrections, as the latter could in 
principle compete with the terms in (19.921) . The high temperature expansion of 
the 2-loop contribution looks like: 

y2-ioo P s = T 4 ( Kl g 2 MSSM + n 2 g\ xx m\ + K^g\ xx m\ + ...) + ... , (9.94) 
where the k's are 0(1) coefficients and: 

• the 0(g 2 MSSM ) contribution comes from two loops involving MSSM parti- 
cles; 

• the 0(g\ xx ) contribution is due to two loop diagrams with $ and two 

gauge bosons; 



8 The contribution from anomaly mediation is subleading with respect to gravity mediation 
as shown in |110j . 
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I 2 

the gaugino X and the gauge boson X 



the 0(g^ xx ) contribution comes from two loops involving the modulino $, 



all the other two loop diagrams give rise to subdominant contributions, 
and so they have been neglected. Such diagrams are the ones with $ or 
$ plus other MSSM particles, the self-interactions of the moduli and of 
the modulini, and two loops involving both $ and $. For example, the 
subleading contribution originating from the two-loop vacuum diagram due 
to the $ 3 self-interaction takes the form: 6Vl~ lo ° vs = /t 4 T 4 % ~ T 4^onsi_ 



T ~ m*, x V(lnV) 2 ' 

Note that in f)9.94p we have neglected the 0(T 2 ) term since it is subleading 
compared to both the 0(T 4 ) 2-loop term and the 0(T 2 ) 1-loop one. Now, the 
relevant gauge couplings in (19.94p . have the following moduli dependence: 

• 9mssm = 47r/r s since we assume that the MSSM is built via magnetised D7- 
branes wrapping the small cycle. In the case of a supersymmetric SU(N C ) 
gauge theory with Nf matter multiplets, the coefficient Ki reads [23 lj: 

«i = ll W - 1) (N c + 3N f ) > 0. (9.95) 



• 9%xx ~ 9%xx ~ m7 as derived in (M) and ([09]). 

Adding (19311 and flCTD to the T = potential V , we obtain the full finite 
temperature effective potential: 

T 2 

Vtot = V + T 4 (K X g 2 MSSM + K 2 gl xx ml + «a4xx m l) + ^ ( m l + m i) + ••• • 

(9.96) 

Despite the thermalisation of $ and $, which in principle leads to a modification 
of Vtot compared to previous expectations in the literature, we shall now show 
that the thermal corrections due to $ and $ are, in fact, negligible compared to 
the other contributions in (I9.96p . everywhere in the moduli space of these mod- 
els. In particular, the 2-loop MSSM effects dominate the temperature-dependent 
termj^l 

Let us start by arguing that the (9(T 4 ) corrections arising from the modulus 
$ and the modulino $ are subleading compared to the 1-loop 0(T 2 ) term. Indeed, 

9 Note that this is consistent with the results of |232j in the context of the O'KKLT model, 
where it was also found that the T-dependent contribution of moduli, that were assumed to be 
in thermal equilibrium, is negligible compared to the dominant contribution of the rest of the 
effective potential. 



234 



CHAPTER 9. FINITE TEMPERATURE EFFECTS 



the relevant part of the effective scalar potential (19.961) may be rewritten as: 

V 



T 4 {K 2 gl xx ml + Kzg\ xx m\) ~ T 2 (m| + m|) T 




(9.97) 



where the <K inequality is due to the fact that our effective field theory treatment 
makes sense only at energies lower than the string scale M s . Therefore, we can 
neglect the effect of 2-loop thermal corrections involving $ and $. So we see that, 
although the interactions of $ and $ with gauge bosons and gauginos are strong 
enough to make them thermalise, they are not sufficient to produce thermal 
corrections large enough to affect the form of the total effective potential. Let us 
also stress that this result is valid everywhere in moduli space, i.e. for each value 
of m| and m|, not just in the region around the zero-temperature minimum. 

We now turn to the study of the general behaviour of the 1-loop 0(T 2 ) term 
arising from $ and $. We shall show that it is always subdominant compared to 
the zero-temperature potential, and so it can be safely neglected. In fact, the sum 
of the T = potential and the 1-loop thermal correction f!9.92j) can be written 
as (ignoring the subleading loop corrections in Vq) : 



T 2 n p Kcs M 4 

t /- , / 2 I 2\ i/s e IV1 P 

Vo+ 24 ^ * m *> = ' 



57T 



PiAi^fr~ s 



V 



t e~ aaTs I 
P2A 2 ^^+p 3 A 3 — 



with: 

and: 
A 1 = 



pi = 36aX, P2 = 4a s A s W , p 3 = W 2 /Q, 



(9.98) 
(9.99) 



2V2 T 2 V A 



3a 2 



Mp 



A 2 = 1+ 



Ay/2 



Mp 



9^ T 2 V 



' T 
. Ms 



<1 



where the appearance of the Kaluza-Klein scale comes from the assumption that 
the MSSM branes are wrapping the small cycle r s : 



M, 



M, 



KK 



T, 



1/4 



1/4 • 



(9.100) 



Therefore, we can see that the 1-loop 0(T 2 ) thermal corrections can never com- 
pete with Vq for temperatures below the compactification scale M KK < M s , where 
our low energy effective field theory is trustworthy. Once again, we stress that 
the previous considerations are valid in all the moduli space (within our large 
volume approximations) and not just in the vicinity of the T = minimum. We 
have seen that the only finite-temperature contribution that can compete with 
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Vo is the 2-loop T 4 g\, ISSM term, and so we can only consider from now on the 
following potential: 



Vi 



TOT 



V + 4lTKv 



(9.101) 



g s e 



K c 



in 



\JT s e 



-2a s r s 



V 



fiT s e- aaTs v Anki f T 
V 2 + V3 + \~Mp~ 



valid for temperatures T 3> M so fjz\. We realise that the leading moduli-dependent 
finite temperature contribution to the effective potential comes from 2-loops in- 
stead of 1-loop. This, however, does not mean that perturbation theory breaks 
down, since 1-loop effects still dominate when one takes into account the moduli 
independent 0(T 4 ) piece that we dropped. 

Now, from (I9.10ip it is clear that the thermal correction cannot induce any 
new T-dependent extremum of the effective potential. Its presence only leads 
to destabilization of the T = minimum at a certain temperature, above which 
the potential has a runaway behaviour. Therefore, we are led to the following 
qualitative picture. Let us assume that at the end of inflation the system is sitting 
at the T = minimum. Then, after reheating the MSSM particles thermalise 
and the thermal correction T 4 g^ /S5M ~ T 4 /r s gets switched on. As a result, the 
system starts running away along the r s direction only, since Vp does not depend 
on V. However, as soon as r s becomes significantly larger than its T = VEV, 
the two exponential terms in (19.1011) become very suppressed with respect to the 
0(V~ 3 ) a' correction (the v term). Hence, the potential develops a run-away 
behaviour also along the V-direction, thus allowing the Kahler moduli to remain 
within the Kahler cone. 

In section I9.5.2[ we shall compute the decompactification temperature, at 
which the T = minimum gets destabilised. Hence we shall focus on the region 
in the vicinity of the zero-temperature minimum, where the regime of validity of 
the expression (19.1011) takes the form: 



M soft <T< M KK & 



1 



T 



1 



VlnV M P ^Vr} /4 ' 



(9.102) 



In the typical LVS where V ~ 10 14 allows low energy supersymmetry, we get 
M soft ~ 10 3 GeV and M KK ~ 10 11 GeV; thus, in that case, eq. (19.1011) makes 
sense only for energies 10 3 GeV C T < 10 11 GeV. On the other hand, for LVS 
that allow GUT string scenarios, V ~ 10 4 , which implies M so f t ~ 10 13 GeV and 
M KK ~ 10 16 GeV; thus, in that case, fl9A02]) becomes 10 13 GeV «T« 10 16 
GeV. 



10 For convenience, here we have redefined hi = 8irKig s 
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General LARGE Volume Scenario 

As we have seen in chapter 4, one of the conditions on an arbitrary Calabi- 
Yau to obtain LVS, is the presence of a blow-up mode resolving a point-like 
singularity (del Pezzo 4-cycle). The moduli scaling of the scalar potential, at 
leading order and in the presence of N sma u blow-up modes t Si , i = 1, ...,N sma u, 
is given by (neglecting loop corrections): 

V °-{ 8n 

All the other moduli which are neither the overall volume nor a blow-up mode 
will appear in the scalar potential at subleading order. Moreover, due to the 
topological nature of r S) j, K~l ~ \/i = 1, N sma u (see appendix A). 

As derived in section l9~.3.1[ these blow-up modes correspond to the heaviest 
moduli and modulini, which play the same role as $ and $ in the single-hole 
Swiss cheese case. Hence the leading order behaviour of the mass-squareds of the 
blow-up moduli t s . and the corresponding modulini f s . are still given by (19.901) 
and (19.721) Vz = 1, N sma u. Therefore we can repeat the same considerations 
made in the previous paragraph and conclude that, for a general LVS, the 1- 
loop 0(T 2 ) thermal corrections are always sub dominant with respect to Vq for 
temperatures below the compactification scald"! The only finite-temperature 
contribution that can compete with Vq is again the 2-loop T 4 g1 ISSM term. 



N small 

E 

i=i 



-2a s 



V 



V 2 



V 

+ V5 



(9.103) 



9.5.2 Decompactification temperature 

As we saw in the previous subsection, the finite temperature corrections desta- 
bilise the large volume minimum of a general LVS. In this subsection we will 
derive the decompactification temperature T max , that is the temperature above 
which the full effective potential has no other minima than the one at infinity. 

Before performing a more precise calculation of T max , let us present a qual- 
itative argument that gives a good intuition for its magnitude. Let us denote by 
V, the height of the potential barrier that separates the supersymmetric mini- 
mum at infinity from the zero temperature supersymmetry breaking one. Now, 
in order for the moduli to overcome the potential barrier and run away to infinity, 
one needs to supply energy of at least the same order of magnitude as V&. In our 
case, the source of energy is provided by the finite-temperature effects, which give 

11 As we have seen in section l9.4.2l if all the r Si are wrapped by ED3 instantons then they do 
not thermalise. Only the moduli corresponding to 4-cycles wrapped by MSSM branes would 
then thermalise but, since they are lighter than the EDS moduli, our argument is still valid. 
The same is true for all the possible scenarios outlined for the K3 fibration case in section ®. 4. 31 
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a contribution to the scalar potential of the order Vp ~ T 4 . Hence a very good 
estimate for the decompactification temperature is given by T max ~ V^ 4 . 

It is instructive to compare the implications of this estimate for the KKLT 
and LVS cases. In the simplest KKLT models the potential reads: 



e -2ar e -ar 



Vkklt = Ai A 2 M/ — , (9.104) 

T T z 

where Ai and A 2 are constants of order unity. The minimum is achieved by fine 
tuning the flux parameter Wq ~ re~ aT and so the height of the barrier is given 
by: 

W 2 

V b ~ {Vkklt) ~ ~^M% ~ m 2 3/2 M P , (9.105) 

where we have used the fact that V = r 3//2 and 717,3/2 = WqMp/V. Therefore 
the decompactification temperature becomes T max ~ ^m 3 / 2 M P ~ 10 10 GeV, as 
estimated in 



In the case of LVS, the height of the barrier is lower and so we expect a lower 
decompactification temperature T max . Indeed, to leading order the potential is 
given by: 

V L vs = XiVn^y- - \2W t s ^- + A 3 yf- (9.106) 

with Ai, A2 and A3 being constants of order one. The minimum is achieved for 
natural values of the flux parameter Wq ~ 0(1) and at exponentially large values 
of the overall volume V ~ WQ^/rl i e asTs . Hence the height of the barrier can be 
estimated as: 

Wn * 

V b ~ (V LVS ) ~ -^M P ~ ml /2 M P} (9.107) 
which gives a decompactification temperature of the order: 

T max ~ K 2 M P ) 1/4 ~ (9.108) 

Let us now turn to a more precise computation. Without loss of generality, 
we shall focus here on the effective potential (19.1011) . valid for the single- hole 
Swiss cheese case, and look for its extrema. Given that the thermal contribution 
does not depend on the volume, the derivative of the potential with respect to V 
gives the same result as in the T = case: 

()V " yr " V* = Y A ( T s)VT~se asT % (9.109) 



dV A 
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wher^]: 

and (r s ) ~ (4Az///i 2 ) 2/3 is the T = VEV of r s . Substituting (T97T09T) in the 
derivative of V^or with respect to r s and working in the limit a s r s ^> 1, in which 
one can neglect higher order instanton corrections, we obtain: 

= ° *r*.^(^)V.)' + 2A(r.)-l = a(9.111) 

Notice that at zero temperature (I9.11ip simplifies to A(t s ) = 1/2, which from 
(19.1101) correctly implies r s = (t s ). Now, since equation (19.1 lip is transcendental, 
one cannot write down an analytical solution, that gives the general relation 
between the location of the t s extrema and the temperature. Nevertheless, we 
will see shortly that it is actually possible to extract an analytic estimate for the 
decompactification temperature. To understand why, let us gain insight into the 
behaviour of the function on the LHS of (I9.11ip by plotting it and looking at its 
intersections with the r s -axis. 

We plot the LHS of equation (19.1 lip on Figure 19.51 for several values of 
the temperature; T increases from right to left. From this figure it is easy to 
see that the temperature-dependent correction to Vtot behaves effectively as an 
up-lifting term. Namely, the finite-temperature contribution lifts the potential, 
giving rise to a local maximum (the right intersection with the t s axis) in addition 
to the T = minimum (the left intersection). As the temperature increases, 
the maximum increases as well and shifts towards smaller values of r s . On the 
other hand, the minimum remains very close to the zero-temperature one at all 
temperatures. Clearly, the decompactification temperature T max is reached when 
the two extrema coincide. The key observation here is that this happens in a 
small neighborhood of the T = minimum, located at (r s ) ~ (4A^//i 2 ) 2//3 . 

In view of the considerations of the previous paragraph, to find an analytic 
estimate for T max we shall utilize the following strategy. We will Taylor-expand 
the function F(r s ), defined by the LHS of equation (19.1 lip , to second order in 
a small neighborhood of the point r s = (r s ). Then we will use the resulting 
quadratic function f(S), where 5 = t s — (r s ), as an approximation of F(r s ) in 
a larger neighborhood and will look for the zeros of f(5). Requiring that the 
two roots of f(S) coincide, will give us an estimate for the decompactification 
temperature. Clearly, this procedure is not exact. In particular, the function 
F(t s ) is better approximated by keeping higher orders in the Taylor expansion. 

12 We discard the solution with the positive sign in front of the square root in (|9 . 1 1 0f> since, 
upon its substitution one finds that the other extremum condition, 8Vtot / dr s = 0, does not 
have any solution. 
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Figure 9.5: The LHS of eq. f)9.11ip is plotted versus t s . The temperature increases 
from right to left. The straight line represents the zero temperature case. The 
other values of the temperature are T/M P = 0.8 • 1(T 10 , 1.0 • 10" 10 , 1.2 • 10~ 10 , 
1.4 • 10 -10 . To obtain the plots we used the following numerical values: £ = 1.31, 
A s = 1, W = 1, a s = it/4, e Kcs = 8n/g s , g s = 0.1, N c = 5, N f = 7. With these 
values one has that (t s ) = 41.55 and (V) = 7.02 • 10 13 , which implies that T max = 
1.58 ■ 10~ 10 M P ~ 3.79 ■ 10 s GeV according to 09.1171) . Note that the numerically 
found value of the decompactification temperature is T maX;num = 1.20 • 10~ 10 M P . 

In our case, we have checked numerically that a really good approximation is 
obtained by going to at least sixth order. However, in doing so one again ends 
up with an equation that cannot be solved analytically. So the key point is that 
the systematic error introduced by the quadratic approximation is rather small 
(we have checked that the analytical results obtained by following the above 
procedure are in very good agreement with the exact numerical values). 

Now let us substitute t s = (r s ) + 5 in (19.1 lip and read off the terms up to 
order 5 2 . The result is: 



where the corresponding coefficients, in the limit a s (r s ) ^> 1, take the form: 



a5 2 + b5 + c = 



(9.112) 




(9.113) 



and we have set: 




(9.114) 
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Finally, to find the decompactification temperature, we require that the two so- 
lutions 5 1 and <5 2 coincide: 

5 l = 5 2 b 2 -4ac = Q, (9.115) 

which, for a s (r s ) ^> 1, gives: 

T max = 3(V2-l)A 2 (r s ) T^ = 3{ ^~! )X * {Ts) e-^M±. (9.116) 

Notice that we can rewrite the decompactification temperature in terms of V as: 

T 4 3(y/2-l) f (T s fH f m 3 M Nl/4 M P 

(9.117) 

where we have used the relation between the T = VEV of the volume and (r s ), 
which is given by (19.1091) with r s = (r s ) and A = 1/2. It is reassuring that (19.1171) 
is of the same form as the result (I9.108[) . obtained from the intuitive arguments 
based on the height of the potential barrier. 



9.5.3 Small moduli cosmology 

Clearly, the decompactification temperature (I9.117P sets an upper bound on the 
temperature in the early Universe, in particular on the reheating temperature, 
Tft H , at the end of inflation. We will investigate now how this constraint affects 
the moduli thermalisation picture studied in subsection I9.4.1|[^l 

Recall that there we derived the following: 

• For small values of the Volume (V < 10 10 ), the freeze-out temperature for 
the small modulus $ is given by fl9T8T|) : Tf v ~ M P V~ 2/3 . 

• For large values of the Volume (V > 10 10 ), the freeze-out temperature for 
$ is given by (19T82D : Tf v ~ 10 3 MpV' 1 . 

Note also that, in both cases, the condition Tf < T^ H < T max has to be satisfied 
in order for the modulus to reach equilibrium with the MSSM thermal bath. 
Now, for small values of V we have that: 

T V 2 / 3 

max ~ - = y~ 1/12 < l (9 H8) 

rpSV y3/4 V ^ L > 



13 Similar considerations apply for the more general multiple-hole Swiss cheese and K3 fibra- 
tion cases. 
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which implies that $ actually never thermalises. On the other hand, for large 
values of V we have that (writing V ~ 1CP): 

|^ ™ = 10* /4 " 3 > 1 O x>12. (9.119) 

Hence, for V > 10 12 , $ can reach thermal equilibrium with the MSSM plasma, 
as long as T RH is such that Tj v < T^ H < T max . Let us stress, however, that if 
Tft H < T^ v the modulus will never thermalise even though T^ v < T max . Note 
that, since the temperature T RH depends on the concrete realization of inflation 
and the details of the initial reheating process, its determination is beyond the 
scope of this chapter. So we will treat it as a free parameter, satisfying only the 
constraint T^ H < T max . 

We would like now to study the cosmological history of $ which, in our 
case, presents two possibilities: 

1. The modulus $ decays at the end of inflation being the main responsible for 
initial reheating. We may envisage two physically different situations where 
this could happen: in one case, $ is the inflaton and it decays at the end 
of inflation. In the other case, $ is not the inflaton, but it starts oscillating 
around its VEV when the inflaton is still driving inflation by rolling down 
its flat potential. In this case, the decay of <3> occurs just after the slow-roll 
conditions stop being satisfied and the inflaton reaches its VEV. 

After $ decays, its energy density is converted into radiation. The de- 
cay products thermalise rapidly and re-heat the Universe to a temperature 
Trh = T^ H . The latter can be computed by noticing that the $ energy 
density p$ ~ Y\^ xx Mp will be converted into radiation energy density 
p R ~ g*T A . Hence T RH can be obtained by comparing T$^ X x with the 
value of H, given by the Friedmann equation for radiation dominance: 

n / InV \ 1/2 (In V) 3/2 M P 

TL ~ I — TO$ = ^ — r-Tj— — — ■. 9.120 

In order for this picture to be compatible with the presence of a decom- 
pactification temperature (19.1171) . that sets the maximal temperature of 
the Universe, we need to require that T^ H < T max . As we shall see in sub- 
section 19.5.41 this requirement can be translated into a constraint on the 
values that the internal volume can take. 



2. The modulus $ is not the main source of initial reheating, which we suppose 
to be the inflaton. After the inflaton decays, the Universe is re-heated 
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to a temperature T RH and an epoch of radiation dominance begins. The 
modulus $ will only thermalise if V > 10 12 and Tf V < T RH . However, 
Tf V is rather close to T max and so, even when $ thermalises, it will drop 
out of equilibrium very quickly at T^ v . Then, for general values of V, the 
modulus $ will decay out of equilibrium at a temperature To < Trh- 

As 

we shall show below, this decay will occur during radiation domination, 
since T D > T dom , with T dom being the temperature at which the modulus 
energy density would dominate over the radiation energy density. So the 
temperature T D at which $ decays, is still given by (19.1201) upon replacing 
T^jj with T D : 

(In V) 3/2 M P 

Note that the above expression satisfies To < Tj V ' LV , as should be the 
case for consistency. Another important observation is that (19.1211) is also 
the usual expression for the temperature Trh, to which the Universe is re- 
heated by the decay of a particle releasing its energy to the thermal bath. In 
other words, for us T RH = T D since the modulus $ decays during radiation 
domination. On the contrary, if a modulus decays when its energy density 
is dominating the energy density of the Universe, then To < Trh and the 
decay produces an increase in the entropy density S, which is determined 
by: 

Sfin ( Trh 



A = s~ ~ vff) ■ (9 ' 122) 

As already mentioned, since for us Trh = Td, the decay of <3> does not 
actually lead to reheating or, equivalently, to an increase in the entropy 
density, given that from (I9.122p we have A = 1. As a consequence, $ 
cannot dilute any unwanted relics, like for example the large modulus \ 
which suffers from the cosmological moduli problemF*! 

To recapitulate: in the present case 2, we have the following system of 
inequalities: 

forV < 10 12 : T dom < T D < T° RH < T max , (9.123) 

forV > 10 12 : T dom <T D <Tf v <T° RH <T max . (9.124) 

As in case 1 above, the condition Tr> < T max implies a constraint on V, that 
we will derive in section 19.5.41 We underline again that this condition is 
necessary but not sufficient, since for us T RH is an undetermined parameter. 
In concrete models, in which one could compute T RH , the condition T RH < 
T max might lead to further restrictions. 



14 This kind of solution of the cosmological moduli problem, i.e. dilution via saxion or modulus 
decay, is used both in |117j and in [118] . 
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Let us now prove our claim above that, when the modulus $ is not responsi- 
ble for the initial reheating (case 2), it will decay before its energy density begins 
to dominate the energy density of the Universe. $ will start oscillating around 
its VEV when H ~ m$ at a temperature T osc given by: 

Tosc ~ 9; 1/4 V^M P . (9.125) 



The energy density stored by $, and the ratio between p$ and the radiation 
energy density at T osc read as follows: 



Pr 



■I O S 



m|(r s ) 2 (t s Y 



M p 



(9.126) 



By definition, the temperature Td om , at which p$ becomes comparable to p r and 
hence $ begins to dominate the energy density of the Universe, is such that: 



Pr 



1. 



(9.127) 



Now, given that p$ redshifts as T 3 whereas p r scales as T 4 , we can relate Td om 



with T n 



T I 

- 1 dom 1 

Pr 



~ T osc I — 



Pi> 
P 



1/4 ( T s) Z 



? o s 



M 2 



'm^Mp. (9.128) 



We shall show now that T dom < T D with T D being the decay temperature during 
radiation dominance, which is obtained by comparing H with T^^xx'- 



The ratio of (19129]) and flgZEZBD gives: 



(9.129) 



Mj, 



dom 



/mi (r s ) 



2 ' 



(9.130) 



Using that T^xx ~ Vm%Mp 2 and (r s ) ~ 10M, ~ 10M P V~ 1/2 , the last relation 
becomes: 

T D (lnV)VV 



T 



dom 



100 



> 1 for V > 10 2 - 5 . 



(9.131) 



Hence, we conclude that Td > Tdom and, therefore, $ decays before it can begin 
to dominate the energy density of the Universe. The main consequence of this is 
that $ cannot dilute unwanted relics via its decay. 
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9.5.4 Lower bound on the volume 

As we saw in the previous subsection, there are two possible scenarios for the 
cosmological evolution of the small modulus However, since the RHS of (19.1201) 
and (19.1211) coincide, in both cases the crucial quantity is the same, although with 
a different physical meaning. Let us denote this quantity by T* ~ (Y^M P ) 1 / 2 . 
We shall impose that T* < T max and shall show below that from this requirement 
one can derive a lower bound on the possible values of V in a general LVS. Before 
we begin, let us first recall that: 



1. If $ is responsible for the initial reheating via its decay, then T* = Tr H , 



2. If $ decays after the original reheating in a radiation dominated era, then 
no 

RH- 



t, = t d < n 



Regardless of which of these two situations we consider, T* is the temperature 
of the Universe after <3> decays. Then, in order to prevent decompactification of 
the internal space, we need to impose T* < T max . In general, this condition is 
necessary but not sufficient because in case 2 one must ensure also that T^ H < 
T m ax- This is a constraint that we cannot address given that in this case T^ is 
an undetermined parameter for us. 

Let us now compute T* precisely. We start by using the exact form of the 
decay rate T^^xx'- 

where: 

25/4 /q 

gsxx = -t^jt^- ( 9 - 133 ) 



(r s ) 3 / 4 

The mass of $ is given by: 

m , = v/p^^Mp, (9.134) 

where we are denoting with P the prefactor of the scalar potential: P = g s e Kcs /(8ir). 
From the minimisation of the scalar potential we have that: 



where: 



and so: 



a s (r s ) = In (pV) = In p + In V, (9.135) 



P = l ]^ a ^ s - 0(1) =► a s (r s )^ In V, (9.136) 
m$ = VP ° m Mp. (9.137) 
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Therefore, the decay rate T$^xx turns out to be: 

F<s>^xx 



3 /2 3W 3 (lnV) 3 M P 
V2tt(t s ) 5 / 2 V 2 ' 



(9.138) 



Finally, in order to obtain the total decay rate, we need to multiply T^xx by 
the total number of gauge bosons for the MSSM Nx = 12: 



-pTOT _ D3/2 36iy 3 (lnV) 3 M P 



(9.139) 



Now, we can find T* by setting 4 (r™5s:x) 2 /3 equal to 3H 2 , with H read off 
from the Friedmann equation for radiation dominance: 



40 

n 2 g* 



1/4 



71 \9*J (^) 3/4 V 



(9.140) 



We are finally ready to explore the constraint T* < T max . Recall that the maximal 
temperature is given by the decompactification temperature (19. 11 7ft : 



p y /4 



4V2 



1/4 



5/8 



ys/4 



-Mr 



(9.141) 



Let us now consider the ratio T max /T* and impose that it is larger than unity 
(using g^MSSM) = 228.75): 



T V 1/4 

j-\ - L max v 



% ^(lnV) 3 / 2 
where we have defined: 



with c = J 



(V2-i)g* 
80V2 



nl/4 



7r(T s ) 



11/8 



11/ 



6W n 



J = (An^P 2 ) 



2\-V4 



5.42 

IV4 



e -K cs /2 for 



0.1, 



2^o 
(9.142) 

(9.143) 



and in (19.1421) we have set J = 1. In fact, from (I9.95p . we find that in the case of 
SQCD with N c = 3 and iV/ = 6, K\ — 2.625. However for the MSSM we expect a 
larger value of K\ which we assume to be of the order K\ = 10. Then for natural 
values of K cs like K cs = 30 from flHH3]), we find J = 1.05. Let us consider now 



15 The dependence of the Kahler potential on the complex structure moduli can be worked 
out by computing the different periods of the CY three-fold under consideration. As derived 
in [233] . for the simplest example of a CY manifold with just one complex structure modulus 
U (the mirror of the quintic), for natural values of U, \U\ ~ 0(1) => K cs ~ 0(1). 
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the maximum and minimum values that the parameter c can take for natural 
values of (r s ) and W : 

(r s )max = 100 _ 4 , . 



(l~s)min 2 
^0,max = 100 



~ 10~ 2 . (9.145) 





R ^ 1 ^-^ T max ^> _Z~* 


c = 


4 


Vx 


c = 


3 


x > 2.1 


c = 


2 


x > 3.8 


c = 


1 


x > 5.9 


c = 


0.5 


x > 7.6 


c = 


0.1 


x > 11.3 


c = 


0.05 


x > 12.8 


c = 


0.01 


x > 16.1 



Table 9.3: Lower bounds on the physical volume as seen by the string 
V s ~ 10 x ~ 3 / 2 for some benchmark scenarios. 



Now writing V ~ 10 x , R becomes a function of x and c. Finally, we can 
make a 3D plot of R with c min < c < c max and 2 < x < 15, and see in which region 
R > 1. This is done in Figure I9TB1 In order to understand better what values of 
V are disfavoured, we also plot in Figure I9.7[ as the shaded region, the region in 
the (x,c)-plane below the curve R — 1, which represents the phenomenologically 
forbidden area for which T max < T*. We conclude that small values of the volume, 
which would allow the standard picture of gauge coupling unification and GUT 
theories, are disfavoured compared to larger values of V, that naturally lead to 
TeV-scale supersymmetry and are thus desirable to solve the hierarchy problem. 
In Table 9.3, we show explicitly how the lower bound on the volume, for some 
benchmark scenarios, favours LVS with larger values of V. 

From the definition (19.1421) of the parameter c, it is interesting to notice 
that for values of (r s ) far from the edge of consistency of the supergravity approx- 
imation (t s ) ~ O(10), c should be fairly large, and hence the bound very weak, 
for natural values of Wq ~ 0(1), while c should get smaller for larger values of 
Wo that lead to a stronger bound. In addition, it is reassuring to notice that for 
typical values of V ~ 10 15 , T max > T* except for a tiny portion of the (x,c)-space. 
It also important to recall that the physical value of the volume as seen by the 
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string is the one expressed in the string frame V s , while we are working in the 
Einstein frame where V s = (^J 2 Ve- Hence if we write Ve ~ W x , then we have 
that V s = 10 z_3//2 , upon setting g s = 0.1. 



40£ 
301 



Figure 9.6: Plots of the ratio R = T max /T* as a function of V = 10 x and the 
parameter c m j„ < c < c max as defined in (19. 142j) . (19. 144j) and (I9.145p . In the left 
plot, the red surface is the constant function R — 1, whereas in the right plot the 
black line denotes the curve in the (x,c)-plane for which R — 1. 

General LARGE Volume Scenario 

Let us now generalise our lower bound on V to the four cases studied in 
sections 19.4.21 and 19.4.31 for the multiple-hole Swiss cheese and K3 fibration cases 
(focusing on the small K3 fiber scenario) respectively. 

First of all, we note that, since in all the cases the 4-cycle supporting the 
MSSM is stabilised by string loop corrections, we can estimate the actual height 
of the barrier seen by this modulus as (see (I8.24p ): 

V b ~ (9.146) 

where we are generically denoting any small cycle (either a blow-up or a K3 fiber 
divisor) as r, given that the values of the VEV of all these 4-cycles will have the 
same order of magnitude. Then setting ~ T^ ax /T, we obtain: 

TL X - (9-147) 

We notice that (I9.147P is a bit lower than (19.1171) but the two expressions for 
T max share the same leading order V-dependence. 
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Figure 9.7: Plot of the R = 1 curve in the (x,c)-plane. The shaded region 
represents the phenomenologically forbidden area, in which the values of x and c 
are such that R < 1 4=> T max < T*. 



Let us now examine the 4 cases of section 19.4.21 in more detail, keeping the 
same notation as in that subsection, and denoting as $ the small modulus of the 
single-hole Swiss cheese scenario studied above: 

1. The relevant decay is the one of r 2 to MSSM gauge bosons. The order of 
magnitude of the mass of r 2 is: 



2 (lnVr^o 2 
< ~ V 2 T 2 ~ 



(9.148) 



and so r 2 is lighter than $, and, in turn, T* will be smaller. In fact, plugging 
(19.1481) in (19.1321) . we end up with (ignoring numerical prefactors): 



3/2 M/ 3/2 



Hence we obtain: 



R^ 



T 



V 1 / 4 



(InV) 



3/2 



Vr 9 / 4 



with c (1) 



r 19/8 



(9.149) 



(9.150) 



Comparing this result with (19.1421) . we realise that i?^ ~ Rt and so the 
lower bound on V turns out to be less stringent. The final results can still 
be read from Table 9.3 upon replacing c with S l \ 



2. The relevant decay is the one of T\ to MSSM gauge bosons since m n ~ m$, 
and so t\ is heavier than r 2 . Therefore will still be given by (I9.140p . 
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Hence we obtain: 

R m = i^ = ( m V with c^~— . (9.151) 

T* (lnV) 3/2 W K } 

Comparing this result with (19.1421) . we realise that ~ Rt~ 1 / 2 and so 
the lower bound on V turns out to be more stringent. The final results can 
still be read from Table 9.3 upon replacing c with c^ 2 \ 

The relevant decay is the one of t\ to hidden sector gauge bosons. Hence 
we point out that the considerations of case 2 apply also for this case. 

The relevant decay is the one of T\ to MSSM gauge bosons, and so we can 
repeat the same considerations of case 2. 



The final picture is that for all cases the V-dependence of the ratio T max /T* is the 
same as in (19.1421) . The only difference is a rescaling of the parameter c. Thus 
we conclude that, as far as the lower bound on V is concerned, the single-hole 
Swiss cheese case shows all the qualitative features of a general LVS. 

Finally, we mention that in the case of a K3 fibration with small K3 fiber, 
cases 2, 3, and 4 of section l9.4.3l have the same behaviour 2 of the multiple- 

hole Swiss-Cheese, so giving a more stringent lower bound on V. We should note 
though that this lower bound does not apply to case 1 of subsection I9.4.3[ since 
both of the moduli have an Mp-suppressed, instead of M s -suppressed, coupling 
to MSSM gauge bosons. However, these kinds of models tend to prefer larger 
values of V (due to the fact that a s = 2it for an ED3 instanton) which are not 
affected by the lower bound that we derived. 



9.6 Discussion 

In this chapter, we studied how finite-temperature corrections affect the T = 
effective potential of type IIB LVS and what are the subsequent cosmological 
implications in this context. 

We showed that the small moduli and modulini can reach thermal equilib- 
rium with the MSSM particles. Despite that, we were able to prove that their 
thermal contribution to the effective potential is always subleading compared to 
the T = potential, for temperatures below the Kaluza-Klein scale. As a result, 
the leading temperature-dependent part of the effective potential is due only to 
the MSSM thermal bath and it turns out to have runaway behaviour at high 
T. We derived the decompactification temperature T max , above which the T = 
minimum is completely erased and the volume of the internal space starts running 
towards infinity. Clearly, in this class of IIB compactifications the temperature 
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Tmax represents the maximal allowed temperature in the early Universe. Hence, 
in particular, it gives an upper bound on the initial reheating temperature after 
inflation: T^ H < T ma2 .0 The temperature T^ H is highly dependent on the details 
of the concrete inflationary model and re-heating process, and so in principle its 
determination is beyond the scope of this chapter. Nevertheless, we can compute 
the temperature of the Universe after the small moduli decay. They are rather 
short-lived and their decay can either be the main source of initial reheating 
(in which case the temperature after their decay is exactly T^ H ) or it can oc- 
cur during a radiation dominated epoch, after initial reheating has already taken 
place. In both cases, the resulting temperature of the Universe T* has to satisfy 
T* < T max , which implies a lower bound on the allowed values of V. We were able 
to derive this bound and show that it rules out a large range of smaller V values 
(which lead to standard GUT theories), while favouring greater values of V (that 
lead to TeV-scale supersymmetry). Note though, that the condition T* < T max 
is both necessary and sufficient in the case the decay of the small moduli is the 
origin of initial reheating, whereas it is just necessary but not sufficient in the 
case the small moduli decay below T^ H . 

Let us now discuss some of the possible applications of these results, as well 
as directions for future work. As we have emphasised throughout this chapter, 
there are two kinds of LVS, depending on the magnitude of the value of the 
internal volume V. Their main cosmological characteristics are the following: 

LV case 

In this case the volume is stabilised at large values of the order V ~ 10 15 
which allows to solve the hierarchy problem yielding TeV-scale supersymmetry 
naturally. Here are the main cosmological features of these scenarios: 



• The moduli spectrum includes a light field x related to the overall volume. 
This field is a source for the cosmological moduli problem (CMP) as long as 
M s < 10 13 GeV, corresponding to V > 10 10 . There are two main possible 
solutions to this CMP: 

1. The light modulus \ gets diluted due to an increase in the entropy 
that occurs when a short-lived modulus decays out of equilibrium and 
while dominating the energy density of the Universe [117J, 1118"] : 

2. The volume modulus gets diluted due to a late period of low energy 
inflation caused by thermal effects [119J. 

16 Note, however, that it may be possible to relax this constraint to a certain degree by 
studying the dynamical evolution of the moduli in presence of finite temperature corrections, 
in the vein of the considerations of 235J for the KKLT set-up. 
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Assuming this problem is solved, the volume modulus becomes a dark mat- 
ter candidate (with a mass m ~ 1 MeV, if V ~ 10 15 ) and its decay to e+e" 
could be one of the sources that contribute to the observed 511 KeV line, 
coming from the centre of our galaxyl 1 " 7 ] The light modulus % can a l so decay 
into photons, producing a clean monochromatic line that would represent a 
clear astrophysical smoking-gun signal for these scenarios |113j . We point 
out that in the case of K3 fibrations, where the K3 fiber is stabilised large, 
the spectrum of moduli fields includes an additional light field. This field 
is also a potential dark matter candidate with a mass m ~ 10 KeV, that 
could produce another monochromatic line via its decay to photons. 

• At present, there are no known models of inflation in LVS with intermediate 
scale M s . However, the Fibre Inflation model of chapter 8 can give rise to 
inflation for every value of V. The only condition, which fixes V ~ 10 3 , 
and so M s ~ Mgut-, is the matching with the COBE normalisation for 
the density fluctuations. Such a small value of V is also necessary to have 
a very high inflationary scale (close to the GUT scale) which, in turn, 
implies detectable gravity waves. However, in principle it is possible that 
the density perturbations could be produced by another scalar field (not 
the inflaton), which is playing the role of a curvaton. In such a case, one 
could be able to get inflation also for V ~ 10 15 . In this way, both inflation 
and TeV-scale supersymmetry would be achieved within the same model, 
even though gravity waves would not be observable. It would be interesting 
to investigate whether such scenarios are indeed realisable. 

• As derived in section l9.5.2[ if the volume is stabilised such that V ~ 10 15 , 
the decompactification temperature is rather low: T max ~ 10 7 GeV. 

SV case 

In this case the volume is stabilised at smaller values of the order V ~ 10 4 , 
which allows to reproduce the standard picture of gauge coupling unification with 
M s ~ Mqut- Here are the main cosmological features of these scenarios: 

• Given that in this case V < 10 13 , all the moduli have a mass m > 10 TeV, 
and so they decay before Big-Bang nucleosynthesis. Hence these scenarios 
are not plagued by any CMP. 

17 Howcvcr, recently it has been discovered with the INTEGRAL spectrometer SPI [234] that 
the 511 KeV line emission appears to be asymmetric. This distribution of positron annihilation 
resembles that of low mass X-ray binaries, suggesting that these systems may be the dominant 
origin of the positrons and so reducing the need for more exotic explanations, such as the one 
presented in this paper. 
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• As we have already pointed out in the LV case above, smaller values of 
V more naturally give rise to inflationary models, as the one presented in 
chapter 8. Here we observe that the predictions for cosmological observables 
of Fiber Inflation were sensitive to the allowed reheating temperature. Since 
for V ~ 10 4 GeV we have Tp, H < T max ~ 10 15 GeV and since in chapter 8 
we considered already a more stringent upper bound T^ H < 10 10 GeV (in 
order to avoid thermal gravitino overproduction), the presence of a maximal 
temperature does not alter the predictions of that inflationary scenario. 

• Fixing the volume at small values of the order V ~ 10 3 , the decompactifi- 
cation temperature turns out to be extremely high: T max ~ 10 15 GeV. 

According to the discussion above, it would seem that cosmology tends 
to prefer smaller values of V. The reason is that in the SV case there is no 
CMP and robust models of inflation are known, whereas for V ~ 10 15 the light 
modulus suffers from the CMP and no model of inflation has been found yet. 
Interestingly enough, the lower bound on V derived in this chapter, suggests 
exactly the opposite. Namely, larger values of V are favoured since, writing the 
volume as V ~ 10 x and recalling the definition (19.1421) of the parameter c, the 
constraint T* < T max rules out a relevant portion of the (x, c)-parameter space, 
that corresponds to the SV case. 

In view of this result, let us point out again that the LV case has its advan- 
tages. For example, the decay of the light modulus into e + e~ could contribute to 
explain the origin of the 511 KeV line. In addition, its decay to photons could 
produce a clean smoking-gun signal of LVS. Furthermore, finding a realisation of 
inflation, that is compatible with the LV case, is not necessarily an unsurmount- 
able problem. In that regard, let us note that the authors of [114] proposed a 
model, which relates the LV to the SV case. More precisely, the inflaton is the 
volume modulus and inflation takes place at a high scale for small values of V. 
Then after inflation the modulus ends up at a VEV located at V ~ 10 15 , thus 
obtaining TeV scale supersymmetry. However, as we have already mentioned 
above, it could even be possible to realise inflation directly in the LV case by 
appropriately modifying the Fibre Inflation scenario. 

Now, even if inflation turns out not to be a problem for the LV case, there 
is still the CMP due to the presence of the light volume modulus. The results 
of this chapter pose a challenge for the solution of this problem. Indeed, as we 
have shown in section 19.5.31 the CMP cannot be solved by diluting the volume 
modulus via the entropy increase caused by the decay of the small moduli. The 
reason is that the latter moduli decay before they can begin to dominate the 
energy density of the Universe. So let us now discuss in more detail the prospects 
of the other main possible solution of the CMP in LVS, namely thermal inflation. 
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Thermal Inflation 

Thermal inflation has been studied in the literature from the field theoretic 
point of view |119j . The basic idea is that a field 0, whose VEV is much larger 
than its mass (and so is called 'flaton') can be trapped by thermal corrections at a 
false vacuum in the origin. At a certain temperature, its vacuum energy density 
can start dominating over the radiation one, thus leading to a short period of 
inflation. This period ends when the temperature drops enough to destabilise 
the local minimum the flaton was trapped in. 

Since the flaton has to have a VEV (0) ^> m<f>, it is assumed that the 
quartic piece in its potential is absent. However in this way, the 1-loop thermal 
corrections cannot trap the flaton in the origin because they go like: 

V T ~T*ml = T»?£, (9.152) 

and there is no quartic term in V that would give rise to a term like T 2 2 . Hence, 
it is usually assumed that there is an interaction of the flaton with a very massive 
field, say a scalar ip, of the form gip 2 <j) 2 , where g ~ 1 so that ip thermalises at a 
relatively low temperature. At this point, a 1-loop thermal correction due to ip 
would give the required term: 



V T ~ T 2 m\ = gT 2 <p 2 . (9.153) 

When gets a nonzero VEV, the interaction term gi/j 2 <f> 2 generates a mass term 
for if) of the order ~ ((f)). Hence, when is trapped in the origin at high T, 
ij) becomes very light. Close to the origin, the potential looks like: 

V = V + (gT 2 -m 2 ) ( p 2 + ..., (9.154) 

where Vq is the height of the potential in the origin. A period of thermal inflation 
takes place in the temperature window T c < T < T in , where T in ~ V^ 4 is 
the temperature at which the flaton starts to dominate the energy density of 
the Universe (beating the radiation energy density p r ~ T 4 ) and T c ~ m^/g is 
the critical temperature at which the flaton undergoes a phase transition rolling 
towards the T = minimum. The number of e-foldings of thermal inflation is 
given by: 

^-'"©-'"/I- (9 ' 155) 

Let us see how the above picture relates to the LVS. In the case of V ~ 10 15 , 
the modulus t s has the right mass scale and VEV to produce N e ~ 10 e-foldings of 
inflation, which would solve the CMP without affecting the density perturbations 
generated during ordinary high-energy inflation. However, in section 19.5.11 we 
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derived the relevant 1-loop temperature corrections to the scalar potential and 
showed that they are always subleading with respect to the T = potential, 
for temperatures below the Kaluza-Klein scale. Hence, since thermal inflation 
requires the presence of new minima at finite-temperature, we would be tempted 
to conclude that it does not take place in the LVS. In fact, this was to be expected 
also for the following reason. According to the field theoretic arguments above, 
in order for thermal inflation to occur, it is crucial that the flaton be coupled to a 
very massive field vp. However, in our model there is no particle, which is heavier 
than the flaton candidate t s . It is not so surprising, then, that we are not finding 
thermal inflation. 

Let us now discuss possible extensions of our model that could, perhaps, 
allow for thermal inflation to occur, as well as the various questions that they 
raise. 

1. Since in our case t s is the candidate flaton field, the necessary ip field would 
have a mass of the order ~ (t s )M s , and so it is likely to be a stringy 
mode. In such a case, it is not a priori clear how to compute thermal 
corrections to Vr due to the presence of ip in the thermal bath. 

2. Even if we can compute Vr, it is not clear why these corrections should trap 
t s at the origin. Note, however, that this is not implausible, as the origin 
is a special point in moduli space, where new states may become massless 
or the local symmetry may get enhanced. Any such effect might turn out 
to play an important role. 

3. Even assuming that Vr does trap t s in the origin, one runs into another 
problem. Namely, the corresponding small cycle shrinks below M s and 
so we cannot trust the low-energy effective field theory (EFT). For a full 
description, we should go to the EFT that applies close to the origin. The 
best known examples of these are EFTs for blow-up fields at the actual 
orbifold point. In addition, one should verify that V stays constant when 
the r s cycle shrinks to zero size. 

4. When r s goes to zero, the field ip should become massless, according to the 
comparison with the field theoretic argument (if this comparison is valid). 
So possible candidates for the role of the field could be winding strings 
or .Dl-branes wrapping a 1-cycle of the collapsing 4-cycle. 

5. If ijj corresponds to a winding string, the interaction of the flaton r s with ip 
cannot be seen in the EFT and it would be very difficult to have a detailed 
treatment of this issue. 

6. The field ip could also be a right handed neutrino, or sneutrino, heavier than 
t s . The crucial question would still be if it would be possible to see ip in our 
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EFT description. In addition, one would need to write down func- 
tion of r s and V. It goes without saying that this issue is highly dependent 
on the particular mechanism for the generation of neutrino masses. 

7. Besides the small modulus r s , another possible flaton candidate could be 
a localised matter field such as an open string mode. However we notice 
that the main contribution to the scalar potential of this field should come 
from D-terms, and that a D-term potential usually gives rise to a mass of 
the same order of the VEV. Hence it may be difficult to find an open string 
mode with the typical behaviour of a flaton field. 

In general, all of the above open questions are rather difficult to address. This 
poses a significant challenge for the derivation of thermal inflation in LVS and 
the corresponding solution of the CMP. However, let us note that the CMP could 
also be solved by finding different models of low-energy inflation, which do not 
rely on thermal effects. 
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Conclusions 



Let us conclude by summarising the results of this thesis and by outlining the 
prospects for future work. 

The thesis has been concerned with moduli stabilisation in IIB string theory 
and its cosmological applications. The three chapters of Part I were introductory. 
After motivating in chapter 1 the use of string theory as a framework for physics 
beyond the Standard Model, in chapter 2 we focused on type IIB flux compacti- 
fications and the study of the respective N — 1 four dimensional effective action 
in the case of Calabi-Yau orientifolds. We then reviewed the use of background 
fluxes to stabilise moduli, and in chapter 3 we presented a detailed survey of all 
the main Kahler moduli mechanisms available in the literature that use perturba- 
tive and non-perturbative corrections beyond the leading order approximations. 

Part II was concerned with developing a detailed understanding of the very 
promising moduli stabilisation mechanism that goes under the name of LARGE 
Volume Scenario. More precisely, in chapter 4, we studied the topological con- 
ditions for general Calabi-Yaus to get a non-supersymmetric exponentially large 
volume minimum of the scalar potential in flux compactifications of IIB string 
theory. We showed that negative Euler number and the existence of at least 
one blow-up mode resolving point-like singularities are necessary and sufficient 
conditions for moduli stabilisation with exponentially large volumes. 

In chapter 5, we then studied the behaviour of the string loop corrections 
to the Kahler potential for general type IIB compactifications. We gave a low 
energy interpretation for the conjecture of Berg, Haack and Pajer for the form 
of the loop corrections to the Kahler potential, checking the consistency of this 
interpretation in several examples. We also showed that for arbitrary Calabi- 
Yaus, the leading contribution of these corrections to the scalar potential is always 
vanishing, giving an "extended no-scale structure" . This result holds as long as 
the corrections are homogeneous functions of degree —2 in the 2-cycle volumes. 
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We used the Coleman- Weinberg potential to motivate this cancellation from the 
viewpoint of low-energy field theory. Finally we gave a simple formula for the 
1-loop correction to the scalar potential in terms of the tree-level Kahler metric 
and the conjectured correction to the Kahler potential. 

Chapter 6 then used these results in the study of Kahler moduli stabilisa- 
tion. The final picture is that, while the combination of a' and nonperturbative 
corrections are sufficient to stabilise blow-up modes and the overall volume, quan- 
tum corrections are needed to stabilise other directions transverse to the overall 
volume. This allows exponentially large volume minima to be realised for fibra- 
tion Calabi-Yaus, with the various moduli of the fibration all being stabilised at 
exponentially large values. String loop corrections may also play an important 
role in stabilising 4-cycles which support chiral matter and cannot enter directly 
into the non-perturbative superpotential. We illustrated these ideas by studying 
the scalar potential for various Calabi-Yau three-folds including K3 fibrations. 

In Part III of this thesis, we discussed interesting cosmological implications 
of the LARGE Volume Scenario. After the brief introduction to string cosmol- 
ogy of chapter 7, in chapter 8 we introduced a simple string model of inflation, 
in which the inflaton field can take trans-Planckian values while driving a period 
of slow-roll inflation. This leads naturally to a realisation of large field inflation, 
inasmuch as the inflationary epoch is well described by the single-field scalar 

potential V = V — Ae'^l^j . Remarkably, for a broad class of vacua all ad- 
justable parameters enter only through the overall coefficient V , and in particular 
do not enter into the slow-roll parameters. Consequently these are determined 
purely by the number of e -foldings, N e , and so are not independent: e ~ \rf . 
This implies similar relations among observables like the primordial scalar-to- 
tensor amplitude, r, and the scalar spectral tilt, n s : r ~ 6(n s — l) 2 . N e is itself 
more model-dependent since it depends partly on the post- inflationary reheat 
history. In a simple reheating scenario, a reheating temperature of T rh ~ 10 9 
GeV gives N e ~ 58, corresponding to n s ~ 0.970 and r ~ 0.005, within reach of 
future observations. The model is an example of a class that arises naturally in 
the LARGE Volume Scenario, and takes advantage of the generic existence there 
of Kahler moduli whose dominant appearance in the scalar potential arises from 
string loop corrections to the Kahler potential. The inflaton field is a combina- 
tion of Kahler moduli of a K3-fibered Calabi-Yau manifold. We believe there 
are likely to be a great number of models in this class - 'high-fibre models' - in 
which the inflaton starts off far enough up the fibre to produce observably large 
primordial gravity waves. 

Chapter 9 presented a detailed study of the finite-temperature behaviour 
of the LARGE Volume Scenario. We showed that certain moduli can thermalise 
at high temperatures. Despite that, their contribution to the finite-temperature 
effective potential is always negligible and the latter has a runaway behaviour. 
We computed the maximal temperature T max , above which the internal space 
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decompactifies, as well as the temperature T*, that is reached after the decay of 
the heaviest moduli. The natural constraint T* < T max implies a lower bound 
on the allowed values of the internal volume V. We found that this restriction 
rules out a significant range of values corresponding to smaller volumes of the 
order V ~ 10 4 /^ , which lead to standard GUT theories. Instead, the bound 
favours values of the order V ~ lO 15 /®, which lead to TeV-scale supersymmetry 
desirable for solving the hierarchy problem. Moreover, our result favours low- 
energy inflationary scenarios with density perturbations generated by a field, 
which is not the inflaton. In such a scenario, one could achieve both inflation 
and TeV-scale supersymmetry, although gravity waves would not be observable. 
Finally, we posed a two-fold challenge for the solution of the cosmological moduli 
problem. First, we showed that the heavy moduli decay before they can begin to 
dominate the energy density of the Universe. Hence they are not able to dilute 
any unwanted relics. And second, we argued that, in order to obtain thermal 
inflation in the closed string moduli sector, one needs to go beyond the present 
effective field theory description. 

The overall aim of my future work is to try to reach the goal of building 
a true model where the moduli stabilisation and the Standard Model building 
problems are solved simultaneously. At the moment there is no example in the 
literature where these two issues are successfully combined together. Given that 
this thesis described a solid moduli stabilisation mechanism, I would like to focus 
mainly on the model building part. However, this should be done always with 
the help of a global perspective, since it will be very important to check if the 
solutions to these two issues are effectively decoupled, and so can be consistently 
studied separately. 

My general plan would be to produce, as I was mentioning before, a com- 
prehensive model where there is a mathematically rigorous description of the 
compact Calabi-Yau background and both the moduli stabilisation and the up- 
lifting procedure is well under control. In addition, there is a localised Standard 
Model-like construction with chiral matter via D-brane constructions, the main 
hierarchies in Nature are explained and a clear spectrum of soft supersymmetry 
breaking masses is derived. The model should, at the same time, give rise to 
interesting cosmology and astrophysics, being able to describe the inflationary 
and reheating era, with also good dark matter candidates. 

Finally two major experiments in particle physics and cosmology are going 
to be performed, since PLANCK has just been launched in May 2009 and the 
LHC is going to start operation rather soon. Therefore my plan to focus on model 
building embedded in the robust moduli stabilisation mechanism developed in 
this thesis, becomes even more important. In fact, it is only with the help of a 
detailed model building that one is able to derive from string theory as many as 
possible theoretical predictions, that could be put to experimental test via LHC 
or PLANCK. This is an absolutely fundamental task because string theory was 
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born about 40 years ago and it has not been put to experimental test yet. I really 
look forward to knowing the outcomes of these two main experiments in particle 
physics and cosmology, being ready to orient my research activity according to 
whatever signals of new physics could come out. 

A more detailed plan for future lines of work could be summarised with the 
help of the following broad points: 

• I would like to focus on an attempt to find explicit Calabi-Yau realisations of 
LVS via hypersurfaces embedded in toric varieties. This would be important 
both to render the models described in this thesis, mathematically more 
rigorous and to explicitly show their existence. Moreover, this work is 
extremely important since it would set the basis for the first step towards the 
answer of a fundamental question in string phenomenology: the realisation 
of a local Standard Model-like construction within a compact Calabi-Yau 
with all moduli stabilised. 

• Having completed this project, I will be in possession of a systematic study 
of moduli stabilisation for large classes of compact Calabi-Yau manifolds 
with a well-defined mathematical description. At this point, the natural 
thing to do, would be to try to combine these results with the Standard 
Model-like constructions which are, at the moment, available only for non- 
compact Calabi-Yaus. 

• I will also try to address two main issues in string cosmology. The first 
one is the complicated task of finding a potential whose scale is able to 
give rise to inflation and TeV-scale supersymmetry at the same time. The 
second one is the fact that there are only a few string inflationary models 
in which inflation is driven by the inflaton but the main contribution to 
the generation of density perturbations comes from another field. Both of 
these issues could be addressed at the same time by improving the Fibre 
Inflation model described in this thesis. In fact, one could build a curvaton 
scenario where the perturbations are not generated by the inflaton, but by 
another modulus which plays the role of the curvaton |115j . The scale of 
the potential could be set such that TeV-scale supersymmetry is achieved 
and the model would predict large non-gaussianities in the CMB spectrum 
[116] . This is very important to make contact with experiments since the 
PLANCK satellite is probably going to give an observational answer to 
the fundamental question of the existence of large non-gaussianities in the 
CMB. 

• I would also try to explore if the inclusion of string loop corrections to the 
Kahler potential allows me, as it suggests, to perform a stringy derivation 
of the famous ADD scenario [19] in the case of a K3-fibered Calabi-Yau. In 
fact, the moduli could be fixed in such a way to obtain an highly asymmetric 
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shape of the six extra-dimensions where two of them are larger than the 
other four [187j . Thus one obtains a six- dimensional effective field theory 
where the radius of the two extra dimensions could be of the order 0.1 
mm without violating the present bounds on Newton's gravity law |2Uj . 
The exploration of the phenomenological implications of these TeV-scale 
stringy scenarios could be very interesting in connection with LHC data. 
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Appendix A 



A.l Proof of the LARGE Volume Claim 

Let us now present a comprehensive argument in favour of the LARGE Volume 
Claim which establishes the existence of LARGE Volumes in IIB string compact- 
ifications. 



A. 1.1 Proof for N smaU = 1 

Proof. (LARGE Volume Claim for N sma u = 1) Let us start from the scalar 
potential (13.81) which we now rewrite as: 

V = 5V (npl) + 5V {np2 ) + 5V (af) , (A.l) 

and perform the large volume limit as described in (14. ip with N sma u = 1 corre- 
sponding to T\. In this limit 5V( a i) behaves as: 



sv «> v ~ + w- eK " |wf + (yr ) • (A - 2) 



We also point out that: 

e Kc ° , / 1 



K 



+ 0[-\. (A.3) 



V^oo V 2 V V 3 J ' 

Let us now study 5V( np i) which reduces to: 

SV {npl) -^ e K K^a\\A 1 \\-< T ^) = ^a\\A 1 \ 2 e-^. (A . 4 ) 

Switching to the study of 5V( np2 ), we find that: 

^1,1 

SV (np2) — VV^ 1 [{a^e-^e-^Wd^K) + (a.A.e^ e +ia ^W d Tk K)] 



V^oo 

k=l 



(A.5) 
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where we have used the fact that K lk = K kl . Equation (IA.5I) can be rewritten 
as: 



5V (np2) y -+ -e K Y,K^ (d Tk K)a ie - a ^ [(A-^We^) + (A 1 We +ia ^)] 

k=l 

= (X ie +iaibl +X ie - iaibl ) , (A.6) 
where: 

X 1 = -e K K^ (d Tk K) aiAaWe- aiTl . (A.7) 
We note that for a general Calabi-Yau, the following relation holds: 

K-, 1 (d Tk K) = -2n, (A.8) 



and thus the definition flA.7j) can be simplified to: 

X 1 = 2e K a 1 r 1 \Ax\ e~ m \W\ e ii)w e~ aiT1 = \X X \ e^'^. (A.9) 

Therefore: 



SV (np2) — ► ( e +l ^ w ~' dl+aibl) + e-Ww-Vi+aihK = 2\X Y \ cos ($ w + ai&i) . 

V — >OQ 

(A.10) 

SV( np 2) is a scalar function of the axion b\ whereas $i and *&w are to be considered 
just as parameters. In order to find a minimum for 5V( np2 ) let us set its first 
derivative to zero: 

9 (^ np2) ) = -2a, \Xi\ sm($ w - ^ + a x bi) = 0. (A.ll) 

The solution of flA.111) is given by: 

txi&i =p 1 n + 'd 1 --&W, piGZ. (A.12) 

We have still to check the sign of the second derivative evaluated at b\ as given 
in (IA.12I) and require it to be positive: 

d 2 (SVi ) 

— 1 J," = " 2a i \ x i\ cos ($w + ath) > pi G 2Z + 1. (A.13) 

00 ^ 

Thus we realise that at the minimum: 

SV (np2) = -2 \X X \ = -2 \W\ \A X \ ttl n^. (A.14) 

We notice that the phases of W and A\ do not enter into 5V( np2 ) once the axion 
has been properly minimised and so, without loss of generality, we can consider 
W and A\ G M + from now on. 
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We may now study the full potential by combining equations flA.21) . flA.41) 
and fTATTIj) : 

V * ^A\a\e-^ - ^A.ame'^ + (A.15) 

where we have substituted W with its tree-level expectation value W because the 
non-perturbative corrections are always subleading by a power of V. Moreover, 
we have dropped all the factors since they are superfluous for our reasoning. 

We would like to emphasise that we know that the first term in flA.15[) is 
indeed positive. In fact it comes from: 

K^ 1 \d 1 W)(d 1 W), (A.16) 

and we know that the Kahler matrix is positive definite since it gives rise to the 
kinetic terms. Moreover, as we have just seen, the second term in flA.15[) comes 
from the axion minimisation as so is definitely negative. Only the sign of SVf a >) 
is in principle unknown, but the condition h 2 ,i(X) > h\ t i{X) ensures that it is 
positive. This condition will turn out to be crucial in showing that the volume 
direction has indeed a minimum at exponentially large volume. 

We need now to study the form of K± x . For a general Calabi-Yau, the 
inverse Kahler matrix with a 1 corrections included, reads |17Uj : 

K^ = - 2 - (2V + |) h jk t k + y£j^i> (A-17) 

which at large volume becomes: 

4 

K^ 1 = --Vk ijk t k + At^ + (terms subleading in V) . (A. 18) 

Hence we can classify the behaviour of K X1 depending on the volume dependence 
of the quantity kiyP and find 4 different cases: 

T l/2+3 a /2 

1. k nj P = or k Uj P ~ — , a > 1 =>- K n ~ rf, 

1/2+3^/2 , 

2. k Uj P = — , < a < 1 =► K^l ~ V Q r 2 3o/2 , < a < 1, 

3. k nj P ~ y/n => ^fi 1 - V^, 

4. fc Ui ti ~ V"^ 172 - 3072 , a > => ^i 1 - V a r 2 ^ 3a/2 , a > 1. 



One could wonder why we are setting the conditions of the Claim on the 
elements of the inverse Kahler matrix and not on the intersection numbers or the 
form of the overall volume of the Calabi-Yau from which it would be easier to 
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understand their topological meaning. The reason is that it is the inverse Kahler 
matrix which enters directly with the superpotential into the form of the scalar 
potential which is the one that determines the physics. 

Moreover, the Claim applies if the superpotential has the expression (14. 2p . 
but in this case we can still make linear field redefinitions that will not change 
W, corresponding to proper changes of basis, of the form: 

r j ► Tj — T j, Vj = 1, N sma u, 
Tj — > rj = Tj + giin), Vj = N smaU + 1, h^ x {X) 



where gifa), i = 1, N srnaUl is an homogeneous function of degree 1. This means 
that the small 4-cycles will stay small and the large ones will just be perturbed 
by the small ones. We are therefore in the same situation and the physics should 
not change. We conclude that the inverse Kahler matrix should not change but 
both the intersection numbers and the form of the volume can indeed vary. In 
fact, for an arbitrary Calabi-Yau, the elements of the inverse Kahler matrix are 
given by: 



= --Vk ijk t k + iTiTj, (A.20) 



4. 
9 

and so we see that in order to keep the form of K^ 1 unaltered, the quantity 
(kijkt k ) has not to vary, but the intersection numbers k^ k can indeed change. 
This is the main reason why we need to put our conditions on the K^j . 

Let us illustrate this statement in the explicit example of the orientifold of 
the Calabi-Yau threefold CPn 116 9 i (18) whose volume in terms of 2-cycle volumes 
is given by: 

V = 6(4 + 4). (A.21) 
The corresponding 4-cycle volumes look like: 



and the volume in terms of the 4-cycles is: 

V=^ r2 {rr-rr). (A.23) 

Finally the superpotential reads: 

W = W + A A e~ am + A 5 e~ a5T5 . (A.24) 

It exists a well defined large volume limit when the 4-cycle T4 is kept small and 

r 5 is sent to infinity. In this case the superpotential can be approximated as: 

W ~ W + A 4 e- a4T4 . (A.25) 
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We can now perform the following field redefinition: 



Ta ~~ r4 ~ T4 ' (A.26) 
n — > r B = t 5 + r 4 , 

which will not change the form of W ()A.25j) . However now the volume reads: 



v = &2 ( (T * - T ' )3 ' 2 - r n - &2 ^ - ^ - T 'n • (A - 27) 



which is clearly different from the initial form flA.23j) . This means that also the 



intersection numbers are different. However the elements of the inverse Kahler 
matrix do not change. In particular we are interested in K 44 ~ V^ffi in this case 
as T4 is the small cycle. Its form stays unchanged since K'^ 1 ~ V's/ri. From 
(I A. 201) . this implies that: 



(k i4k t k ) — k 4M t 4 + & 445 t 5 , (A. 28) 



and one would tend to say that k' U5 has to be zero but we know from (1A.27j) that 



this is definitely not the case. This means that the field redefinition (1A.26j) will 
have the corresponding redefinition of the 2-cycle volumes which will produce t' 4 
and t' 5 that are both large 2-cycles but such that the combination {k'^t'^ + ^445^5) 
stays small. This is the reason why the form of the inverse Kahler matrix is left 
invariant while the intersection numbers do vary. This can be rephrased by 
saying that if r? is a small 4-cycle, in general the corresponding tj has not to be 
a small 2-cycle and viceversa. This is clear without the need to perform any field 
redefinition in the case of the Calabi-Yau K3 fibration described by the degree 12 
hypersurface in CP^ 1 2 2 6 j whose overall volume in terms of 2-cycle volumes is: 

V = ht 2 2 + h 3 2 , (A.29) 

giving relations between the 2- and 4-cycle volumes: 

n = tj, t 2 = 2t 2 (h + t 2 ) , 

t 2 = Vn, h = T2 ~^\ (A.30) 



that allow us to write: 



V = |v^(-o-|ti). (A.31) 



Looking at (1A.31j) we see that the large volume limit can be performed keeping 
Ti small and taking r 2 large. Nonetheless, as it is clear from (1A.30[) . t\ is big 
whereas t 2 is small. Therefore it is impossible to impose that the quantity kjjit 1 
does not introduce any volume dependence by requiring that some intersection 
numbers have to vanish. 
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Going back to the proof of the LARGE Volume Claim for N sma u = 1, let 
us assume that we are in case (3), so that fl A. 15[) becomes: 

V ~ ^-A\a\e-^ - ^ame^ + ^W 2 , (A.32) 

and when we take the decompactification limit given by: 

V -> oo with e aiT1 = — , (A.33) 

all the terms in (1A.32j) have the same volume dependence: 

W? 



V ~ — 2- 

- v 3 



+ . (A.34) 
We can finally express the scaling behaviour of (1A.34I) as: 



V ~ (dVhTv - C 2 In V + e) , (A.35) 

where Ci and C 2 are positive constants of order 1 for natural values of the pa- 
rameter A\ ~ 1. We conclude that at large volume, the dominant term in (IA.35I) 
is the second one and the scalar potential approaches zero from below. It is now 
straightforward to argue that there must exist an exponentially large volume AdS 
minimum. 

In fact, at smaller volumes the dominant term in the potential ()A.35j) is 
either the first or the third term, depending on the exact value of the constants. 
Both are positive as we have explained above. Thus at smaller volumes the 
potential is positive, and so since it must go to zero at infinity from below, there 
must exist a local AdS minimum along the direction in Kahler moduli space 
where the volume changes. 

One could argue that if at smaller volumes the dominant term in (IA.350 is 
the first one, then there is no need to require h,2 t i(X) > hi i(X). In reality this is 
wrong, because £ < could still ruin the presence of the large volume minimum. 
In fact we can rewrite the full scalar potential flA.32j) as: 



A 2ain ^ „ .-am , W 



V = -v^e— - f 2 ne^ + (A.36) 

where A, \i and v are positive constants depending on the exact details of this 
model. We can integrate out tl, so ending up with just a potential for V. Under 
the requirement a\T\ ^> 1, dV/dri = gives: 

e— = l§, (A.37) 
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which substituted back in flA.36j) yields: 

y = lIv^ + F (A - 38) 

and is straightforward to see that we need £ > even though the dominant term 
at small volumes in (IA.36j) is the first one. 

It remains to show that the scalar potential has also a minimum in the 
other direction of the moduli space. In order to do that, let us fix the Calabi- 
Yau volume and see what happens if we vary the small Kahler modulus along 
that surface. Then as one approaches the walls of the Kahler cone the positive 
first term in flA.32j) dominates since it has the fewest powers of volume in the 



denominator and the exponential contributions of the modulus that is becoming 
small cannot be neglected. Thus at large overall volume, we expect the potential 
to grow in the positive direction towards the walls of the Kahler cone. 

On the other hand, when the small Kahler modulus becomes bigger then the 
dominant term in (1A.32I) is the positive 5V(a') due to the exponential suppressions 
in the other two terms. Given that the potential is negative along the special 
direction in the moduli space that we have identified and eventually raises to 
be positive or to vanish in the other direction, we are sure to have an AdS 
exponentially large volume minimum. 

Since V ~ £>(1/V 3 ) at the minimum, while -3e K \W\ 2 ~ 0(1/V 2 ), it is 
clear that this minimum is non-supersymmetric. We can heuristically see why 
the minimum we are arguing for can be at exponentially large volume. The naive 
measure of its location is the value of the volume at which the negative term in 
(IA.35I) becomes dominant. As this occurs only when (In V) is large, we expect to 
find the vacuum at large values of (InV). 

In reality the way in which we have taken the limit (IA.33I) . tells us how the 



volume will scale, even though this can very well not be the correct location of 
the minimum: 

V~W e aiT1 . (A.39) 

Looking at (1A.39I) we realise that Wo cannot be too small, otherwise we would get 
a small volume minimum merging with the KKLT one and our derivation would 
not make sense anymore. However Wq is multiplying an exponential, which means 
that in order to destroy the large volume minimum Wo has to be really small. 

Furthermore, we stress that there is no need to require /i 2) i(X) ^> hi i(X) 
instead of just /i 2) i(X) > h lt i(X). In fact, in this proof we have used £ instead 
of £, so obscuring the presence of any factors of g s but, as it is written explicitly 
in (14.21) . in Einstein frame £ is equivalent to £,/gl^ 2 ■ Therefore if we just have 
^2,1 {X) > hi,i(X) then we can still adjust g s to make sure that the AdS minimum 
is indeed at large volume. 
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We are now able to understand what happens if K X1 is not in case (3). For 
example, when it is in case (4) then the first term in (IA.15I) beats all the other 
ones and along the direction (IA.33P the scalar potential either presents a runaway 
or has no minimum at large volume depending on the exact value of a. 

Moreover if K^ x is in case (1) or (2) then the first term in flA.15[) is sub- 
leading with respect to the other two and at leading order in the volume, the 
scalar potential looks like: 

V ~ -^Aiame-*™ + ^Wl (A.40) 

The minimisation equation for n, dV/dri = 0, admits the only possible solution 
a\T\ = 1, that has to be discarded since we need a\T\ ^> 1 in order to avoid higher 
instanton corrections. 

Finally, let us argue in favour of the last statement of the LARGE Volume 
Claim. At the end of all our derivation we realised that the small Kahler mod- 
ulus T\ plus a particular combination which is the overall volume are stabilised. 
Therefore we have in general (N sma u + 1) fixed Kahler moduli and is straightfor- 
ward to see that if we have just one big Kahler modulus then it will be fixed, 
whereas if we have more than one big Kahler moduli, only one of them will be 
fixed and the others will give rise to exactly (hi t x(X) —N sma u — 1) flat directions. 
This is because they do not appear in the non-perturbative corrections to the 
superpotential due to the limit (14. ip . This terminates our proof of the LARGE 
Volume Claim for N sma u=l. 



A. 1.2 Proof for N smaU > 1 

Proof. (LARGE Volume Claim for N smaU > 1) When N sma u > 1 the situation 
is more involved due to the presence of cross terms. However 5V( a >) has still the 
form (|A.2jl . Without loss of generality, we shall focus on the case with N sma u = 2 
Kahler moduli, which we will call T\ and r 2 . 5V/ n pi) generalises to: 

2 

SV (npl) — e K V K^a ] A J a k A k e-^ +a ^) (A.41) 

j,k=l 

= e K jj^ Kjla) \Aj\ 2 e~ 2a ^ + K u 1 a 1 A 1 a 2 A 2 e- {aiT1+a2T2) e i( - a2b2 - aibl) 



In order to consider separately the axion-dependent part of <5V( np i), we write 

'(npl) = ov (npl) "I" ov (npl)- 



SV (npl) = SV[ n % + 5V ( i* (A.42) 
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Switching to the study of V np 2, we find that: 

2 

k=l j=l 

(A.43) 

where we have used the fact that Kj£ = K^. Equation (I A .430 can be rewritten 
as: 

SV {np2) y -+ - e K J2Yl K Jk (d Tk K) aj e~^ [(AjWe***) + (i^e^)] 

°° k=l j=l 

2 

= (X j< • X jt '" '••) . (A.44) 
i=i 

where: 

A, = —e K K~ k 1 (d Tk K) ajAjWe-n . (A.45) 
We note that for a general Calabi-Yau, the following relation holds: 

Kj> (d Tk K) = -2 Tj , (A.46) 
and thus the definition (1 A. 45ft can be simplified to: 

Xj = 2e K a j r j \Aj\ \W\ e % e^ Tj = \Xj \ e i<yrdw ~' dj \ (A.47) 

Therefore: 

2 

Let us now reconsider SV/^f^, which we had set aside for a moment. It can be 
rewritten as: 

SV^ = e K K^ ai a2e- {aiTl+a2T2) (A^e 1 ^ 2 -^ + A 2 A ie - i{a2b2 ~ aibl) ) , 

(A.49) 

and finally as: 

SVgXy = Yl2 e i{a2b2 - aiH) + Y 12 e-^ a2b2 - aibl \ (A.50) 

where: 

Y 12 = e K K{ 2 1 a 1 a 2 A 1 A 2 e^ aiT1+a2 ^ = \Y l2 \ e*^ 1 "* 2 ). (A.51) 

Therefore: 

jy^AX _ |y i2 | ^gi(^l— ^2+0262— _|_ g—i(^i — ^2+0262— ai6i)^ ^ 

Thus, the full axion- dependent part of the scalar potential Vax looks like: 



Vax = SV^ + SV^ (A.53) 
2 



2 |Aj| cos {-&w — $j + a>jbj) + 2 | V12 1 cos (#1 — $2 + 02&2 — • 
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Axion stabilisation 



V AX is a scalar function of the axions hi and b 2 whereas d 2 and d\y are to be 
considered just as parameters. In order to find a minimum for Vax let us set its 
gradient to zero: 



dV AX /dh = 
dV AX /db 2 = « 



|Xx| sm($ w —$1 + aibi) 
\X 2 \ sin(/iV - $2 + 02^2] 



The solution of (j A. 54ft is given by: 



|Yi 2 | sin (i?x - $ 2 + «2&2 - aibi) 
\Y U \ sin (i?! -$ 2 + a 2 b 2 - a x bi) 
(A.54) 



fa 
V>2 



i?i + ai&i) 
$2 + ^2^2) 



Pl7T, Pl G Z, 

p 2 7r, p 2 g Z, 



and: 



(A.55) 



(A.56) 



t/>12 = - $2 + a 2 &2 - a x 6i) = pi 2 7i, p 12 G Z. 

From (IA.550 equation (1A.56|) requires pi 2 = p 2 — Pi- Let us summarise the points 
where the gradient of the axion potential is zero in the following table: 





(a) 


(b) 


(c) 


(d) 


COS^i 


+ 1 


-1 


+1 


-1 


cos ip 2 


+1 


-1 


-1 


+1 


COS 1p l2 


+ 1 


+1 


-1 


-1 



(A.57) 



We notice that the phases of W, A\ and A 2 will not enter into 8V( np2 ) once the 
axions have been properly minimised and so, without loss of generality, we can 
consider W, A\ and A 2 G M. + from now on. 

We have still to check the Hessian matrix evaluated at b± and b 2 as given in 
(IA.550 and require it to be positive definite. Its diagonal elements are given by: 



d 2 V AX /db\ = 
d 2 V AX /db 2 = 



-2a 2 
-2al 



cos ipi 


+ 


\Yl2\ 


cos ip 2 


+ 


\Yw\ 



12 1 cos ipx 2 ) 

12 1 COS 1p 12 ) 



(A.58) 



whereas the non-diagonal ones read: 

d 2 V AX _ d 2 V AX 
db 2 dbi dbidb 2 



2a^a 2 \Y\ 2 \ cos ip 



12- 



(A.59) 



We can diagonalise the Hessian Ti to the identity by decomposing it a la Choleski 
into TC = U T IU, where the elements of the upper triangular matrix IA are given 
by the following recursive relations: 



U 2 



11 



-2a\ (|Xl| cos^i + |y 12 | cos ^12) 
2axa 2 \ Y l2 \ cos-^i 2 



U 



12 



u 



(A.60) 
(A.61) 



11 
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W22 = -W12 - M (\ x 2\ cos^ 2 + |y 12 | COSV12) , (A.62) 

with U21 = 0. Determining if the Hessian is positive definite is equal to checking 
that U is a real matrix. Looking at (1A.61j) we realise that U\ 2 is automatically 
real if U\\ is real. Hence we have to make sure just that both U\ x > and U 22 > 0. 
When we analyse the cases listed in table (IA.57I) we realise that: 

(a) can never be a minimum since U\ x < 0; in reality it turns out to be always 
a maximum, 



(b) 


is 


a minimum only if Xi 


> \Yu\ 


and 


\*i\ 


1*2 1 > |^12 


(i*i 


+ W), 


(c) 


is 


a minimum only if \Y\ 2 


> 


and 


\x 2 \ 


\Yu\ > |*i 


(1*2 


+ I^12|), 


(d) 


is 


a minimum only if \Y\ 2 


l*i| > 


\M 


(\Xi 


+ \Yu\), 







where, according to the definitions (1A.47j) and (1A.51j) . we have: 



1*1 1 


= 2 l^ll 


l* 2 | 


= 2\A 2 \ 



II" v 2 ' 
2\W\^, 

\Y a \ = K£\A 1 \a 1 \A 2 \aa ^ i yr m 



(A.63) 



In order to study the cases (b), (c) and (d), it is therefore crucial to know the 
order of magnitude of the two exponentials e~ ain and e~ a ' 2T2 given by their scaling 
behaviour in the volume. This depends on the direction we are looking at to find 
the minimum in the large volume limit which can be performed in three different 
ways: 

I) V ~ e 7am ~ e 7a2T2 , 7 Gl + 
II) V ~ e^ 171 ~ e 7aa7a , /3 < 7, 7,/?eR + , (A.64) 
JJJ)V ~ e ^m^ e 7» 2 r 2) ^ >7 7;/5gR +. 

Finally we need also to know the form of K± 2 . We can classify its behaviour 
according to the volume dependence of the quantity k\ 2 jP and find 4 different 

cases: 

1. k 12j P = or k 12j P = a > 1 => i^ 1 = T^; 

2. /c^t- 7 = 97 y 1 Q ' T2 ' > , < a; < 1, g homogeneous function of degree 7 = ^-y^ 
=> fC^ 1 = V Q ^2-3a/2(ri, r 2 ), < a < 1; 

3. ki2jP = /i/2(ti,t 2 ), / homogeneous function of degree 1/2 =>- K^ 2 = 
V/i/ 2 (ri,r 2 ); 

4. fci2jt' 7 = V a /i/3(ri, r 2 ), a > 0, fa homogeneous function of degree (3 = 

K12 = V a h 2 - 3a /2(n, r 2 ), a > 1. 
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Let us now focus on the axion minimisation by analysing each of these 4 cases in 
full detail. For each case we will have to study if the inequalities (b), (c) and (d) 
admit a solution for any of the three possible ways to take the large volume limit 
as expressed in (|A.64j) . We will always consider natural values of the parameters 
| Ai| ~ \A 2 \ ~ \W\ ~ I. 

From (I) of (1A.64I) . we can immediately realise that, regardless of the form 
of K± 2 , at large volume \Xi\ and \X2\ have the same scaling with the volume 
and so we can denote both of them as \X\. It is then straightforward to see that 
both the second (c)-condition and the (d)-condition can never be satisfied. In 
fact they take the form: 

\X\ \Y 12 \ > \X\ \Y 12 \ + \X\ 2 , (A.65) 

which is manifestly an absurd. This implies that neither (c) nor (d) can be a 
minimum along the direction (I) for any value of K^f. A further analysis reveals 
that the points (c) and (d) can never be maxima so since we proved that they 
cannot be minima, they are forced to be saddle points. We do not present the 
details of this analysis here since it is not important for our reasoning. On the 
other hand, the first (b)-condition is automatically satisfied if the second one is 
true since it reduces to: 

\X\ 2 > 2\X\\Y 12 \ |X|>2|r 12 |. (A.66) 

From (II) of (IA.64I) . we also notice that, regardless of the form of K^ 2 , at 
large volume |Xi| < \X 2 \ since (3 < 7. It is then straightforward to see that in 
this situation the (d)-condition can never be satisfied. This implies that (d) is 
always a saddle point along the direction (II) for any value of K± 2 ■ 

Furthermore (III) of (1A.64I) implies that, regardless of the form of K^ 2 , at 
large volume \X%\ > \X 2 \ as (3 > 7. Then we immediately see that the second 
(c)-condition can never be satisfied. Therefore (c) is always a saddle point along 
the direction (III) for any value of K± 2 . 

Case (1): K± 2 — t~it 2 

• direction (I) 

The volume dependence of the parameters flA.63j) is: 



/ |Xi|~|X 2 |~V-( 2+1 ^lnV, , . „_s 

\ |y 12 |~v-( 2+2 ^(inV) 2 . [A - bn 

Looking at (I A. 671) . we realise that at large volume |Xi| > 2 \ Yi 2 \. Therefore 
the second (b)-condition flA.661) is satisfied and (b) is a minimum of the 
axion potential. 
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direction (II) 

The parameters (1A.63j) now read: 




y-Om//?) InV, 

y-(2+i/7) ln y ; (A.68) 
v -( 2 +i//m/7)( m y)2. 



Looking at flA.68j) . we realise that at large volume \X\\ > \Yiz\, which 



implies that (c) is a saddle point. Thus the first (b)-condition is satisfied 
and the second becomes: 

(InV) 2 (InV) 2 / InV InV \ ^ (InV) 3 ( , . 



y4+l//3+l/ 7 y2+l//3+l/ 7 \ v y2+l//3 V2+l/ 7 ^ 1//3> i /7 y4+l//3+2/ 7 

which is true at large volume for values of 7 > (3 > not extremely big. 
Thus (b) is a minimum of the axion potential. 

direction (III) 

The parameters flA.63j) take the same form as (IA.68I) but now with /3 > 7. 



We have still > \Yi 2 \, which implies that the first (b)-condition is 
satisfied. The second looks like: 

(InV) 2 (InV) 2 / InV InV \ ^ (InV) 3 

> 1 J24-1 /fl4-1 Av I 1 524-1 IB ~T 1 524-1 Av . , -» 544-2 /fi-M Av ' l A -' U J 



y4+l//3+l/ 7 y2+l//3+l/ 7 ^y2+l//? y2+l/ 7 y 1//3< i/ 7 y4+2//3+l/7 

which is true at large volume. Thus (b) is a minimum of the axion potential. 
On the contrary the simplified (d)-condition reads: 

lnV InV (krns 

vW > 1 + ( A - 71 ) 

which at large volume is clearly false for values of (3 > 7 > not extremely 
big. It follows that in this case (d) is a saddle point. 



Let us summarise the results found in case (1) in the following table: 





(I) 


(II) 


(HI) 


(a) 


max 


max 


max 


(b) 


min 


min 


min 


(c) 


saddle 


saddle 


saddle 


(d) 


saddle 


saddle 


saddle 
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Case (2): K U L = V^ 2 _ 3a / 2 (r 1 , r 2 ), < a < 1 
direction (I) 

The volume dependence of the parameters (1A.63|) now reads: 



/ |X 1 |^|X 2 |^V-( 2+1 ^lnV, ( . 

\ \Y 12 \ ~ v- (2+2/7 - a) (lnV) 2 ~ 3o/2 . 1 ' 

Substituting the expressions (1A.72j) in (1A.66|) we find: 

1 > 2 1 v V /7 - a > (A-73) 

which at large volume is true if a < (I/7), false if a < (I/7) or a = (I/7) < 
2/3. On the contrary, for 2/3 < a = (I/7) < 1 the minimum is present. 
Thus (b) can be a minimum of the axion potential. 

direction (II) 

The parameters f)A.63|) now read: 

\X t \ ~ V-( 2+1 ^ InV, 

|X 2 | ~ V- (2+1/7) lnV, (A.74) 
y 12 | ~ v _(2+1/ ' 0+1/7_a) (ln V) 2 ' 3a/2 . 

The first (b)-condition becomes: 

1 > ^ v v 7 - a , (A.75) 

that is satisfied if either a < (1/7) or 2/3 < a = (I/7) < 1. Otherwise 
( 1A.75I) is false unless a = (I/7) = 2/3 in which case we cannot conclude 
anything just looking at the volume dependence. However the second (b)- 
condition reads: 

l>(l«V) 1 -' 2 (^ + ?; ^), (A.76) 

which is definitely true at large volume if a < (I/7) or 2/3 < a — (I/7) < 1. 
On the contrary, in the case a = (I/7) = 2/3 O (1//3 - 2/3) > 0, flA~76l) 
becomes: 

which is clearly impossible. Thus (b) can be a minimum of the axion poten- 
tial. We need now just to study the case (c) for which the first inequality 
is: 

Q nV )l-3a/2 
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that is satisfied if either (I/7) < a < 1 or a = (I/7) < 2/3. Otherwise 
(1 A. 78ft is false unless a = (I/7) = 2/3 in which case we cannot conclude 
anything just looking at the volume dependence. However the second (c)- 
condition can be simplified to give: 

(In y) i-3*/ 2 (InV) 1 -^ 

V lh-a > 1 + V l/f3-a > (A. 79) 

which is clearly satisfied at large volume if either (1/7) < a < 1 or a = 
(I/7) < 2/3. On the contrary when a = (I/7) = 2/3 (1/(3 - 2/3) > 0, 
( 1A.79j) becomes: 

1 > 1 + vv^> ( A - 8 °) 

which is clearly false, 
direction (III) 

The parameters (IA.63|) assume the same form as OA .740 but now with (3 > 7. 
Following lines of reasoning similar to those used for direction (II), we get 
the results summarised in the following table along with all the others for 
case (2). 





(I) 


(II) 


(HI) 


(a) 


max 


max 


max 


(b) 


a < I/7 min 
2/3 < a = I/7 < 1 min 
a = I/7 < 2/3 saddle 
a > I/7 saddle 


a < I/7 min 
2/3<a = l/7<l min 
a = I/7 < 2/3 saddle 
a > I/7 saddle 


a < 1/(3 min 
2/3 < a = 1/(3 < 1 min 
a = 1/P < 2/3 saddle 
a > 1/(3 saddle 


(c) 


saddle 


a < I/7 saddle 
2/3 < a = I/7 < 1 saddle 
a = I/7 < 2/3 min 
I/7 < a < 1 min 


saddle 


(d) 


saddle 


saddle 


a < 1/(3 saddle 
2/3 < a = 1/(3 < 1 saddle 
a = l/(3 < 2/3 min 
a > 1/(3 min 



Case (3): = Vft^n, r 2 ) 



direction (I) 

The volume dependence of the parameters flA.63j) now looks like: 



1*1 1 
\Yu\ 



\x 2 \ ~ y- (2+1/7) InV, 
y-(i+2/7) v /T r 7y. 



(A.81) 
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Substituting the expressions flA.81j) in flA.66j) we find: 



'" V >4H (A.S2) 



y2+i/ 7 yi+2/7 ' 

which at large volume is true if 7 < 1, false if 7 > 1. Thus (b) can be a 
minimum of the axion potential. 

direction (II) 

The parameters f)A.63|) now read: 



(A.83) 







x 2 \ 




Y12 





Looking at (1A.83I) . we realise that the first (b)-condition becomes: 



vhaV 1 , k s 

— > Wi' iAM> 

which is satisfied only if 7 < 1. Viceversa the first (c)-condition is satisfied 
only for 7 > 1. Let us check now the validity of the second (b)-condition 
which reads: 

VlnV 11 , k , 

— > + yV^' (A ' 85) 
which, at large volume, is automatically true if 7 < 1. The second (c)- 
condition is also correctly satisfied for 7 > 1 since it reads: 



1 V\^V 1 /A N 

W7 > — + yUf < A - 86 ) 

Thus both (b) and (c) can be a minimum of the axion potential. 

direction (III) 

The parameters flA.63|) assume the same form as 0A.830 but now with (3 > 7. 
The inequality corresponding to the (d)-condition reads: 



1 1 VhTV v 

> TTTT^ + (A-87) 



and becomes true if (3 > 1. Moreover, the first (b)-condition (lA.84j) is again 
satisfied for 7 < 1. On the other hand, the second looks like flA.850 and 
now, at large volume, is true only if (3 < 1, which implies correctly 7 < 1 
since in this case 7 < (3. It follows that both (b) and (d) can be a minimum. 
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Let us summarise the results found in case (3) in the following table: 





(I) 


(II) 


(HI) 


(a) 


max 


max 


max 


(b) 


J < 7 < 1 min, 
[ 7 > 1 saddle. 


J < 7 < 1 min, 
[ 7 > 1 saddle. 


f 0<7</3<l min, 
\ (3 > 1 saddle. 


(c) 


saddle 


f < 7 < 1 saddle, 
[ 7 > 1 min. 


saddle 


(d) 


saddle 


saddle 


f < 7 < (3 < 1 saddle, 
[ (3 > 1 min. 



Case (4): K$ = V a h 2 _ 3a/2 ( Tl , r 2 ), a > 1 
direction (I) 

The volume dependence of the parameters (1A.63P is given again by (1A.72I) 
and flA.66j) takes the same form as the inequality flA.73j) which at large 
volume is true if a < I/7, false if a > I/7. The situation a = I/7 is more 
involved and (IA.73P simplifies to: 

1 > 2(lnV) 1 " 3a/2 , (A.88) 

which gives a positive result if a > 2/3. This is definitely true in our case 
where a > 1. Thus (b) can be a minimum of the axion potential. 

direction (II) 

The parameters (1A.63j) now take the same form given in (1A.74I) . It follows 
then that the first (b)-condition |Xi| > IY12I looks like (1A.75|) and is verified 
for I/7 > a. The second (b)-condition looks like (IA.76j) which at large 
volume is correctly true for I/7 > a. Thus (b) is a minimum of the axion 
potential. On the contrary the first (c)-condition implies I/7 < a, whereas 
the second is similar to the inequality flA.791) which is again clearly true for 
I/7 < a. It follows that in this case (c) can also be a minimum. 

direction (III) 

The parameters flA.63|) assume the same form as (1A.74I) but now with /3 > 7. 
The (d)-condition looks like: 



(InV) 1 " 3 "/ 2 ^ ^ ^ (lnV) 1 " 3 "/ 2 



(A.89) 



and is verified only if 1/(3 < a. On the other hand, the first (b)-condition 
is again given by flA.75|) and so is still solved for I/7 > a. The second 
(b)-condition looks like flA.76j) but now at large volume it is satisfied for 
1/(3 > a. It follows that in this case both (b) and (d) can be a minimum 
of the axion potential. 
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Let us summarise the results found in case (4) in the following table: 





(I) 


(II) 


(HI) 


(a) 


max 


max 


max 


(b) 


1 < a < I/7 min, 
a > I/7 saddle. 


1 < a < I/7 min, 
a > I/7 saddle. 


l<a<l//3<l/7 min, 
1//3 < a saddle. 


(c) 


saddle 


1 < a < I/7 saddle, 
a > I/7 min. 


saddle 


(d) 


saddle 


saddle 


a < 1/(3 saddle, 
a > 1/(3 min. 



Kahler moduli stabilisation 

After this long analysis of the axion minimisation, let us now focus again step by 
step on the four cases according to the different possible values of K^f- I n eac h 
case, we shall fix the axions at their possible VEVs and then study the Kahler 
moduli stabilisation depending on the particular form of and K 22 ■ 

However, before focusing on each particular case, let us point out some 
general features. At the axion minimum we will have: 



(V AX ) = 2(±\Y 12 \±\X 1 \±\X 2 \) 



(A.90) 



where the " ±" signs depend on the specific locus of the minimum, that is (a) or 
(b) or (c), as specified in flA.571) . Now to write flA.901) explicitly, recall (IA.63I) 
and get: 



6V ( 



(n P 2) 



V (npl) 



2 
V 2 



WJ2 ( ±2a j T i e ~ ajTj ) ± K^a ia2 e- {aiTl+a2T2) \ , (A.91) 



where we have set Ai = A 2 = 1. We may now study the full potential by 
combining equations (jA.2[) . (IA.410 and (1A.91I) : 



V ~ — 
V 2 



(a 1 T 1 +a 2 T2) 



3=1 



4 V 3 



(A.92) 



where we have substituted W with its tree-level expectation value Wo because 
the non-perturbative corrections are always subleading by a power of V. 
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When we take the generic large volume limit V ~ e P a ^ ^ e ia 2 r 2 ^ w ith p 
and 7 6l without any particular relation among them to take into account all 
the possible limits (IA.64I) . ()A.92j) has the following volume scaling: 

K£ KZ} n r 2 1 . . 

V ~ — 1 — ± ± — ± 1 (A 93) 

V2+2//3 T V2+2/7 y2+l//3+l/ 7 y2+l//3 y2+l/ 7 T V 3 ' 

Now given that we are already aware of the volume scaling of K^, which was 
our starting point to stabilise the axions, in order to understand what are the 
leading terms in flA.931) . we need to know only the form of Kj^ , j — 1, 2. We can 
classify its behaviour according to the volume dependence of the quantity kjjkt k 
and find 4 different cases as we did for K^ 2 : 

1. k 4ik 1* = or fc,, fc t* = a > 1 => K~} = r 2 ; 



2. fcjjfct^ = 37 ya' 7 " 2 ^ , < a < 1, p homogeneous function of degree 7 = ^-y^ 
=^^1 = V Q ^ 2 _3a/2(Ti,T 2 ), 0<a<l; 

3. kjj k t k = /i/ 2 (ti, t 2 ), / homogeneous function of degree 1/2 =>- = 
V/i/2(n,r 2 ); 

4. fcjjjfct fe = V a /ig(Ti, r 2 ), a > 0, h homogeneous function of degree ft = 
=^KJ> = V Q /i 2 _ 3a /2(ri,r 2 ), a>l. 

Before focusing on the Kahler moduli minimisation by analysing all these 4 cases 
in full detail for each direction (|A.64[) . we stress that we can already show in 
general that some situations do not lead to any LARGE Volume minimum. 

For example, let us assume that the elements of K^ 1 are such that the 
dominant terms in (1A.93j) are: 



V ~ H T J— + JL (A 94) 

y2+2//3 y2+i//3 y 2+1/7 y 3 ' 



with ft = j = 1 and l^ 1 = V/i/ 2 (ri, r 2 ). Therefore the potential flA.92jl with 
Wo — 1 looks like: 

A/2(ri,T 2 )a 2 e- 2a ^ 4a 1 T 1 e~ a ^ 4a 2 r 2 e- a2 ^ 3 | 

y y2 ys + 4ys- ^ 

Thus from = we find: 
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whereas J-^ = gives: 



V = -4(^) 2 ^^ (A97) 



a i 



8t 2 



Now since we have (3 — 7 = 1, from the form of the large volume limit (I) of 
(1 A. 64ft . we infer that the minimum should be located at a%T\ — a 2 r 2 . Making 
this substitution and combining (1A.96j) with (1A.97j) . we end up with the following 



equation: 

fll = tl d J±!l _ 2a 2 f 1/2 . (AM) 
dr 2 ai OT\ 

Now using the homogeneity property of /1/2, that is Ti-^- + ^27^ = \fi/2, 
(IA.98D takes the form: 

ff^G^-'K (A - 99) 

We can solve the previous differential equation getting fi/ 2 = T 2 ^e~ a2T2 , which is 
not an homogeneous function of degree 1/2. Thus we deduce that this case gives 
noLVS. 

Another case in which we can show explicitly that no LARGE Volume 
minimum is present, is the one where the dominant terms in f)A.93|) read: 

+ + ^ (A.100) 

with (3 < 7. The fact that all the three terms in flA.lOOp are strictly positive 
leads us to conclude that there would definitely be no LARGE Volume minimum 
in the volume direction once we integrate out the small moduli. In fact, (IA.100I) 
would take the generic form: 

V^J^l±£, c >0, (A,01) 

which can be easily seen to have a minimum only if a < and b > 0. 

We illustrate now a further case in which it is possible to show explicitly 
that no LVS is present. The leading terms in (IA.93I) read: 



V ~ y2+2//3 + y2+2/ 7 y2+i/ 7 > (A. 102) 

with (3 < 7 and 7 > 1 to be able to neglect the a 1 corrections that scale as 
V -3 . The necessary but not sufficient condition to fix the small Kahler moduli is 
if- 1 = V s T 2-ss/2 and K -x = y,f 2 ( Tlj T2 ) with 5 = 2/(3- l/ 7 and rj = I/7. 
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We can now prove that it is never possible to stabilise a\T\ ^> 1. In fact, the 
relevant part of the scalar potential ()A.92j) would read: 

Now the equation = 0, admits a solution of the form: 

n 3 2-35/2 

V"- 5 = e 2(a 2 r 2 -am) (A. 104) 

"2 9ri 



whereas |p- = gives: 



V = — — e a2T2 . (A. 105) 

a 2j2-3r?/2 



The third minimisation equation |K = looks like: 

(77 - 1)a\f 2 ^ l2 We- 2a ™ + (6 - 2)alT^ 3S/2 V 5 e- 2a ^ + 8a 2 r 2 e- a2T2 = 0, (A. 106) 
and substituting the results (1A.105j) and (1 A. 1041) . we obtain: 

2( V - 2) + ( ^~ 2) df2 -*>' 2 +8 = 0. (A.107) 
aij2-3 V /2 on 

Solving the differential equation flA.107j) . we realise that f 2-^/2 has an exponen- 
tial behaviour in n which is in clear contrast with the requirement that it has 
to be homogeneous. Following arguments very similar to this one it can be seen 
that, as in the case with just one small modulus, the presence of the a' corrections 
is crucial to find a LARGE Volume minimum. In fact if we omit them, either 
it is impossible to fix the small moduli large enough to ignore higher instanton 
corrections or, once we integrate them out, we are left with a run-away in the 
volume direction. 

Lastly, we describe the final case in which it is possible to prove the absence 
of a LARGE Volume vacuum. The leading terms in (1A.93|) are given by: 

with (3 < 1 and the axion minimum along the direction V ~ e f3aiTl ~ e a2T2 . The 
necessary but not sufficient condition to fix the small Kahler moduli is ~ 
y5 r 2-3<5/2 w ^ <$ = 2//3 — 1, and = V/i/2(ti, r 2 ). The relevant part of the 
scalar potential f]A.92|) takes the form: 

2 2-30/2 2am „?f, ,„/V, -rA P ~ 2a ^ 



^ -a^yx, — + --*- (A 109) 

V 2-s ^ V V 2 4V 3 ' ^ iU ^ 



a 2 2 fi/2{r^T 2 )e- 2a2T2 4a 2 r 2 e- a2T2 3 £ 
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Now the equation = 0, admits a solution of the form: 

2 2-35/2, ,,5 -2om _ fl 2 _2a 2 7 



' V e in = ^r^lVe- 2a27 " 2 , (A.110) 
whereas §Jr = gives: 

a 2 r 2 e~ a ^ = ^f 1/2 Ve~ 2a ^. (A.lll) 
The third minimisation equation ^ = corresponds to: 

(<5 - 2)ajr^ 35/2 V s e- 2aiT1 - a 2 2 f 1/2 Ve- 2a2T2 - 8a 2 r 2 e- a27 " 2 = ~i (A.112) 
and substituting the results (lA.llOj) and (1A. 111ft . we obtain: 



AalV 2 



- 5/v, 

2ai an 



9£e 2a2T2 . (A. 113) 



Now writing /i/ 2 (ti, r 2 ) = -^X ^ )\/tT f° r appropriate function F, (IA.113I) be- 
comes: 

^1_V 2 F f ^ (5-2- 20am) = 9fe 2 ° 27 *. (A.114) 

OlV^L V fl 2 / 

Given that a trustable minimum requires a\T\ ^> 1, the LHS of (IA.114I) is negative 
while the RHS is definitively positive and so this case does not allow us to find 
any LVS. 

The general path that we shall follow to derive the conditions which guar- 
antee that we have enough terms with the correct volume scaling to stabilise all 
the moduli at exponentially large volume, is the following one. We learnt from 
the proof of the LARGE Volume Claim for the case with just one small modulus 
Ti, that we need to have two terms in the scalar potential with the same volume 
scaling that depend on t\ so that it can be stabilised rather large in order to be 
able to neglect higher instanton corrections. Then if we integrate out T\, we have 
to be left with at least two terms that depend on the overall volume and have 
the same volume scaling. Lastly in order to find the exponentially large volume 
minimum, the leading term at large volume has to be negative. As we have seen 
before, the same arguments apply here. Thus we shall first work out the condi- 
tions to be able to fix both a\T\ ^> 1 and a 2 r 2 ^> 1 by having at least two terms 
in the potential with a dependence on these moduli and the same volume scaling. 
Then, we shall imagine to integrate out these moduli, and derive the conditions 
to be left with at least two terms dependent on V with the leading one which is 
negative. 
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Case (1): K 12 ~ tit 2 



The previous analysis tells us that, regardless of the particular direction 
considered, the axion minimum is always in the case (b). Thus we realise that at 
the minimum: 

(V AX ) = 2(\Y 12 \-\X 1 \-\X 2 \). (A.115) 
Now recalling that in case (1) — T1T2, (1A.92|) takes the form: 



V 



1 

V 2 " 



/of 



V 2 



a - e — 3-3 4_ 2r 1 r 2 a 1 a 2 e" 
r?e + 4V 3 °' 



(A.116) 



We shall now study the behaviour of (1A. 116ft by taking the large volume limit 
along each direction flA.64ft and then considering all the possible forms of Kj^ , 
j = 1,2. When we take the large volume limit (I) of (IA.64I) . flA.116j has the 
following volume scaling: 



V 



Kll , TiT 2 

y2+2/ 7 + y2+2/ 7 + y2+2/ 7 y2+l/ 7 



1 

y2+i/ 7 + y3" 



(A.117) 



The third term in (IA.117I) is subleading with respect to the fourth and the fifth. 
Thus it can be neglected: 



V 



Kn 1 



+ 



Ti 



Ti 



y2+2/ 7 y2+2/ 7 y2+l/ 7 



1 

y2+i/ 7 + y3" 



(A.118) 



We have seen that the presence of the a' corrections is crucial to find the expo- 
nentially large volume minimum. Therefore the fact that the third and the fourth 
terms in (1A. 118ft have to scale as V~ 3 tells us that 7 = 1. 



V 



V 4 



+ 



V 4 



V 3 V 3 V 3 ' 



(A.119) 



At this point it is straightforward to realise that if either or were in case 
(4), then we would have a run-away behaviour of the volume direction. Similarly 
the situation with and K 22 either in case (1) or (2) is not giving a LARGE 
Volume minimum since the first two terms in (1A.119|) should be neglected without 
then the possibility to stabilise T\ and r 2 large. What happens if either KTj 1 or 
is in case (3) and the other one is either in case (1) or (2)? We do not find 
any minimum. In fact, let us say that is in case (3) and in case (1) 
or (2): then the second term in (IA.119I) can be neglected. If we want to have 
still some hope to stabilise r 2 large, then should better depend also on r 2 : 
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~ /i/2( r i ? r 2)V. However this case has been studied explicitly to show that 
it leads to an absurd. Thus only if both and K 22 is in case (3) we can have 
a LARGE Volume minimum. 

On the contrary, if we took either the large volume limit (II) or (III) in 
(1AT641) . flA.1161) would scale as: 



v K ii | K 22 nr 2 n Tg l r A i9m 

~ V2+2//3 "T y2+2/ 7 ~T y 2 +l//3+l/ 7 y2+l//3 y2+l/ 7 y3 ' ^V.XZUJ 

Let us focus on the direction (II) where > I/7. The third and the fourth 
term in (jA. 120ft at large volume are subdominant to the fifth and therefore they 
can be ignored: 

V ~ V2+2//3 + V2+2/ 7 ~ V2+l/ 7 + y3' (A.121) 

If I/7 > 1, then the V -3 term would be the dominant one producing a run-away 
in the volume direction. Thus we impose I/7 < 1. However we have already 
showed that the situation with I/7 < 1 gives no LVS and so we deduce that we 
need 1/7 = 1. Then we realise that the only possible situation in which we can 
hope to fix r 2 large is when either the first or the second term in (IA.121I) scales 



as V 3 . Now if the second term involving K 22 were subleading with respect to 
the fourth term in (1A. 121)1 . then the first one should scale as V~ 3 . However at 



that point, knowing that K lx will introduce a dependence on r 1; we would not be 
able to stabilise T\ large. Hence K 22 has to be in case (3): K 22 = Vf 1/2(^1, t 2 ). 

Now we have two different situations according to the fact that fi/2 indeed 
depends on both t% and t 2 or only on t 2 . The first possibility has already been 
studied with the final conclusion that it produces no LVS. On the other hand, 
when K 22 depends only on t%, i.e. K 22 ~ Vy^, we have that the overall volume 
and T2 are both stabilised by the interplay of the second, the third and the fourth 
term in (1A.121j) . The first term is now subleading and can be used to fix T\ if we 
write — V a r 1 2_3a ' /2 and then impose 1/(3 — a in order to make it scale as the 
fourth term in (|A.120j) . 

We point out that these results apply also to the direction (III) where 
I/7 > 1/(3, if we swap 7 with (3 and t\ with t 2 . Let us finally summarise in the 
table below what we have found for this case. 



A.l. PROOF OF THE LARGE VOLUME CLAIM 289 



Case (1): K X2 X — tit 2 





K 22 l 


(I), (b) 


(II), (b) 


(III), (b) 


1 


1 


NO 


NO 


NO 


1 


2 


NO 


NO 


NO 


1 


3 


NO 


NO 


NO 


1 


4 


NO 


NO 


NO 


2 


1 


NO 


NO 


NO 


2 


2 


NO 


NO 


NO 


2 


3 


NO 


NO 


NO 


2 


4 


NO 


NO 


NO 


3 


1 


NO 


NO 


NO 


3 


2 


NO 


NO 


NO 


3 


3 


OK, 7 = 1 


NO 


NO 


3 


4 


NO 


NO 


OK, 13 = 1, (**) 


4 


1 


NO 


NO 


NO 


4 


2 


NO 


NO 


NO 


4 


3 


NO 


OK, 7 = 1, (*) 


NO 


4 


4 


NO 


NO 


NO 



(*) K- 1 ~ V^/T 2 , K u l ~ V a rl-' ia/2 with ± = a 
(**) K u l ~ V^n, i^ 1 ~ V Q r 2 2 - 3Q/2 with i = a 

Case (2): K£ ~ V^ 2 _ 3a / 2 (ri, r 2 ), < a < 1 

This case is more involved than the previous one since, depending on the 
direction chosen for the large volume limit and the exact value of the parameter 
a, the axion minimum can not only be in case (b), but also in (c) and (d). Let 
us start by considering each case in detail: 

• axion minimum at (c) along direction (II) for a = l/7<2/3orl/7<a<l 

We can easily conclude that no LVS is present given that, looking at the 
general volume scaling of the scalar potential 0A.930 . we can notice that 
the fifth term would be dominant with respect to the last one since we have 
always I/7 < 1. Thus the a' correction would be negligible at large volume, 
so producing no LVS. 

• axion minimum at (d) along direction (III) for a = 1/(3 < 2/3 or 1/(3 < 
a < 1 



This situation looks like the previous one if we swap 7 with (3 and T\ with 
Tii therefore we conclude that no LARGE Volume minimum will be present. 



290 



APPENDIX A. APPENDIX 



axion minimum at (b) along direction (II) for a<l/7or2/3<a = l/7<l 

First of all we realise that the situation with 2/3 < a = I/7 < 1 does 
not give rise to any LVS because the leading order a' correction would be 
negligible at large volume. We shall therefore focus on the case a < I/7. 
The scalar potential ()A.92j) takes the form: 



V ~ — 
V 2 



Kj^e- 7 *™ + 2a 1 a 2 g 2 ^ a/2 (r 1 , T2 ) V - e -(^ 1+ a 2 r 2 ) 

.3=1 



-4^ ( ai r ie - a ^ + a 2 r 2 e- a ^) + \^Wl (A.122) 

When we take the large volume limit (II) of (]A.64|) . (1A. 122ft has the follow- 
ing volume scaling: 

y K ll , K 22 92-3a/2(Tl,T 2 ) Tj_ T 2 1 ( , ^ 

~ y2+2//3 ~T~ y2+2/ 7 ~T~ y2+l//3+l/ 7 -Q y2+l//3 y2+l/ 7 + V 3 

Setting 1/7 = 1 and recalling that in this direction 1/(3 > I/7, the dominant 
terms in (1A. 123ft become: 

V ~ Kn \ +^--1^ + —. (A.124) 



Now by noticing that equation (jA. 124ft has the same form of (jA. 121ft if we 



set I/7 = 1, we can just repeat the same consideration made before and 
obtain that K 22 has to be in case (3). Moreover if K 22 depends on both n 
and t 2 , then there is no LARGE Volume minimum, but when K 22 depends 
only on t 2 , the first term in (1A. 124ft is negligible at large volume and can 
be used to fix T\ if we make it compete with the fourth term in (lA.123j) by 
writing ~ y<5 r 2-3<V 2 anc j fa en imposing 1/(5 — 5. 

axion minimum at (b) along direction (III) for a<l//3or2/3<a = l//3< 
1 

This situation looks like the previous one if we swap 7 with f3 and T\ with 
t 2 , therefore we do not need to discuss this case. 

axion minimum at (b) along direction (I) for a < l/7or2/3<a = I/7 < 1 

In this situation the full scalar potential still looks like (1A.122j) . but the 
volume scaling behaviour of its terms now reads: 

xt K n K 22 ' 02-3^/2(7-1, r 2 ) n t 2 1 rA12 ,^ 

~ y2+2/ 7 ^ y2+2/ 7 ^ y 2 +2/ 7 -a y2+l/ 7 y2+l/7 V 3 



For 2/3<a = l/7<l the last term in flA.125j) would be subdominant 



with respect to the fifth one, but we know that its presence is crucial to 
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find a minimum and so we can conclude that this case admits no minimum. 
On the other hand for a < I/7, setting I/7 = 1, the dominant terms in 
flA.1251) become: 

V^^ + ^-^-^ + -. (A.126) 
V 4 V 4 V 3 V 3 V 3 1 ; 



We immediately realise that flA.126j) is absolutely similar to flA.1191) . We 



can therefore repeat exactly the same analysis and conclude that only if 
both and K^ 2 is in case (3) we can have a LARGE Volume minimum. 
Let us finally summarise in the table below what we have found for this 
case. 

Case (2): K$ = V a g 2 -3 a/2 (n,r 2 ), < a < 1 





K22 


(/),(&), 


a<l/7 




(HI), (&), 

»<l//3 


(III), (d), 

a>l//3 


1 


1 


NO 


NO 


NO 


NO 


NO 


1 


2 


NO 


NO 


NO 


NO 


NO 


1 


3 


NO 


NO 


NO 


NO 


NO 


1 


4 


NO 


NO 


NO 


NO 


NO 


2 


1 


NO 


NO 


NO 


NO 


NO 


2 


2 


NO 


NO 


NO 


NO 


NO 


2 


3 


NO 


NO 


NO 


NO 


NO 


2 


4 


NO 


NO 


NO 


NO 


NO 


3 


1 


NO 


NO 


NO 


NO 


NO 


3 


2 


NO 


NO 


NO 


NO 


NO 


3 


3 


OK, 7 = 1 


NO 


NO 


NO 


NO 


3 


4 


NO 


NO 


NO 


OK, /3 = 1 (**) 


NO 


4 


1 


NO 


NO 


NO 


NO 


NO 


4 


2 


NO 


NO 


NO 


NO 


NO 


4 


3 


NO 


OK, 7 = 1 (*) 


NO 


NO 


NO 


4 


4 


NO 


NO 


NO 


NO 


NO 



(*) K£ ~ V^, ~ V*r?- M/2 with i = 5 
(**) i^l 1 ~ V^n, K^ 1 ~ V 5 r 2 2 ^ 35/2 with i = 5 

Case (3): K$ = Vh/ 2 {rx, r 2 ) 



We shall now consider each particular situation according to the different 
possible locations of the axion minimum: 
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axion minimum at (c) along direction (II) for 7 > 1 
Thus at the minimum: 

(v AX ) = 2(|x 1 |-|r 12 |-|x 2 |). 

Therefore the full potential flA.921) looks like: 



(A.127) 



V 



1 

V 2 



2 e ~ 2a j T j 



- 2a 1 a 2 fi/ 2 (T 1 ,T 2 )Ve 



-{a\Ti+a,2T2) 



+ 4 yl \ a ^ e 



aiT1 - a 2 r 2 e- a2T2 



) + --Lwl 
4 V 3 



(A.128) 



When we take the large volume limit (II) of (1A.64j) . (1A.128I) has the follow- 
ing volume scaling: 



V 



+ 



r 2 



+ 



1 



y2+2//3 1 y2+2/ 7 yi+V/3+1/7 1 y2+l//3 V 2+1 /t ' V 3 ' 



/l/2(ri,T 2 ) Ti 



(A.129) 



Given that I/7 < 1, the leading order a' correction would be subleading in 
a large volume limit. However, we know that its presence is crucial to find 
the minimum and so we conclude that this case does not present any new 
LARGE Volume vacuum. 

axion minimum at (d) along direction (III) for (3 > 1 

This situation looks like the previous one if we swap 7 with f3 and T\ with 
r 2 , therefore we conclude that no LARGE Volume minimum is present. 

axion minimum at (b) along direction (I) for < 7 < 1 
Thus at the minimum: 



(V^ X ) = 2(|V 12 |-|X 1 |-|X 2 |), 

and so the full potential (IA.92I) becomes (setting W = 1) 
2 



(A.130) 



V ~ — 
V 2 



aje- 2 *™ + 2a 1 a 2 f 1/2 {r 1 , T 2 )Ve~^ +a ^ 



-^{^ne" aiT1 +a 2 T 2 e- a ^) 1 ' 3 4 



4 V 3 ' 



(A.131) 



When we take the large volume limit (I) of (IA.64[) . flA. 1311) has the following 
volume scaling: 



V 



Kn 1 + K£ , /i/ 2 (ti,t 2 ) 



r 2 



y2+2/ 7 y2+2/ 7 



yi+2/7 



y2+i/ 7 y2+i/ 7 V 3 ' 



(A.132) 
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In the case where I/7 > 1, the leading part of (1A. 132ft at large volume takes 
the form: 

v~S* + wk + w (A - 133) 

We have already checked explicitly that this situation does not present 
any LARGE Volume minimum, therefore we shall focus only on the case 
I/7 = 1, for which the volume scaling (1A. 132ft becomes: 

y^^ + ^ + M^ 2 ) _r L _r 1 _ J_ 
V 4 V 4 V 3 V 3 V 3 V 3 

We immediately realise that as soon as either or is in case (4) 
then the a' corrections would be subleading in a large volume expansion. 
Thus we can reject this possibility. Then we are left with three different 
situations. Firstly when both and K22 are subdominant with respect 
to the last three terms in (jA. 134ft (i.e. each Kjj with j = 1, 2 is either in 
case (1) or (2)) the scalar potential (1A.131|) takes the form: 

V = ^a 1 a2f 1/ 2(T 1 ,T 2 )e- (a ^ +a ^ - ^ (a^e'^ + a 2 T2e~ a ^) + 

V (A.135) 
Since we have to find a minimum such that cijTj ^> 1 for j = 1, 2, we can 
work at leading order in a and expansion and obtain that — 

am aiTi r or* 

due to the presence of just one exponential in t\ in both the first and the 
second term in flA. 135|) . In fact, if we are interested in the dependence of 
V on just n, flA.135j) can be rewritten as: 

V = Cl e~ a ^ (ctohfifa^e-™ - ^)+c 2 = c 1 e- a ^g(r 1 )+c 2 , (A.136) 

where c\ and c 2 are constants and g{j\) is the sum of two homogeneous 
functions in t\. Therefore at leading order in a expansion, we get: 

dV 

— ~ -a 1 c 1 e- aiT1 ( 7 (r 1 ) = & j n = 0, (A.137) 



which implies: 



d 2 V 



drl 



tic L e-™ g (T 1 )\.=0. (A.138) 



Similarly we have |^ ~ 0, whereas: 



'2 



d 2 V 



dr 1 dT 2 



2 n 2f -am 



2a 1 a 2 / 1/2 e 



V 



c 3 > 0. (A.139) 
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Therefore considering V constant, the Hessian matrix will look like: 

U ~ (® C Q 3 J det H = -4 < 0, (A. 140) 

so implying that we can never have a minimum. 

Secondly we have to contemplate the possibility that only one of the first 
two terms in (1A. 134ft is competing with the last three ones while the other 
is negligible. However even this case does not yield any new LVS due the 
asymmetry of the dependence of the scalar potential in T\ and r 2 that does 
not allow us to stabilise the small Kahler moduli large enough. In fact, let 
us assume for example that is in case (1) or (2) and hence is negligible, 
whereas K 22 — ^\f^2- Consequently we obtain: 



|K = ^V=^^e a2T " 2 , (A.141) 

OTl 0-2/1/2 

|I = 0^V= — . (A.142) 

Now combining (1A.141j) with (1A. 142ft we find: 

oir 1 / 1/2 e a2T2 - aiT1 + a 2 r lv ^ = a 2 r 2 / 1/2 , (A.143) 

which evaluated along the direction a,\T\ ~ a 2 r 2 where the axion minimum 
is located, becomes: 

01T1/1/2 + a 2 T l ^fr 2 ~ aiTi/i/ 2 <^=> ^a x a 2 T\ 12 ~ 0, (A.144) 

which is the negative result we mentioned above. Lastly when both 
and K 22 is in case (3) all the terms in (1A.134D have the same volume 
scaling. It can be seen that, regardless of the form of fi/ 2 , the LARGE 
Volume minimum is always present. 

axion minimum at (b) along direction (II) for < 7 < 1 



In this situation the full scalar potential still looks like (1A.131|) . but the 
volume scaling behaviour of its terms now reads: 

y_. K ll K 22 . /l/2(n,T 2 ) n T 2 1 /A-M.X 

~ y2+2//3 ^ y2+2/ 7 ~r yi+i//3+i/ 7 y2+i//3 y2+i/ 7 ^ y3 • y ■ °) 

Given that along the direction (II) 1/(3 > I/7, and the axion minimum is 
present for I/7 > 1, the dominant terms in (1A.145j) become: 

Koo 1 r 2 1 lk A s 

V ~ — 1 a (A 146) 
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where we have already set 7 = 1 because, as we argued before, this is 
the only possible situation when we can hope to find a LARGE Volume 
minimum. We notice now that whenever the first two terms in (|A.146|) are 
negligible at large volume, then we have only one term in V dependent on 
T2 and so we can never obtain a minimum at 02^2 ^> 1- This happens if 
K22 is either in case (1) or in case (2) and K± x is in case (1), (2), (3) or 
even m case (4) if its term in (IA. 146ft still goes like V Q , a > 3. Moreover 
if K22 is in case (4) then it would beat the last two terms in (1A. 146ft so 
giving no LVS. 

On the other hand, when only the first term in (1A. 146j) is negligible at 
large volume, we have the possibility to find a new LVS if K^2 is m case 
(3) and does not depend on n, that is K^ 2 l — ^\f^2- In fact, at leading 
order in a large volume expansion the scalar potential looks like the one 
we studied for the case with just one small modulus and we know that the 
corresponding LARGE Volume minimum would be present. However we 
have still to fix t\. If is in case (1), (2) or (3) then the first term in 
(IA. 145ft is always subleading with respect to the third and the fourth one 
and therefore it can be neglected. We can now focus on the third and fourth 
term in (jA. 145ft which have the same volume scaling. Then combining the 
solution of = and JJp = we end up with T\ = r 2 which is correct if 

we choose /3ai = 0,2, (3 < 1. However we have still to check the sign of 7^ 

which turns out to be positive only if, writing /i/ 2 (ti, T2) ~ r \ r 2 2 " f° r 
arbitrary a, we have a < 1. 

The situation when K^ 2 l — and K xx is in case (4) needs to be studied 

more carefully. Writing ~ V s 't\ 3<5 ^ 2 , 5>l,if£>| + l then the first 
term in (1A. 146ft beats all the other ones so giving no LVS. If 5 = i + 1, 
then the first term in (I A. 146ft scales as the other ones but we have already 
shown that this is not an interesting situation. The only way to get a LVS 
is to impose 5 < 4 to make the first term in (jA. 145ft scale as the third and 
fourth term or to render it subdominant with respect to them. 

Finally if K~ x is in case (4) and is either in case (1) or (2) then we don't 
find any new LVS since the second term in (I A. 146ft would be subleading 
with respect to the other ones so leaving just one term, the first one, which 
depends on t x . 

axion minimum at (b) along direction (III) for < 7 < (3 < 1 

This situation looks like the previous one if we swap 7 with f3 and T\ with 
r 2 , therefore we do not need to discuss this case. Let us finally summarise 
in the table below what we have found for this case. 
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Case (3): K$ = V/i/ 2 (ti, r 2 ) 





ft— 1 


0<7<1 


(TT\ (h\ 

0<7<1 


(TT\ (A 

7>1 


(TTT\ (h\ 

0<7</3<l 


(TTT\ ( rl\ 

[ill), [a), 

7>1 


1 


1 


NO 


NO 


NO 


NO 


NO 


1 


2 


NO 


NO 


NO 


NO 


NO 


1 


3 


NO 


OK, (*) 


NO 


NO 


NO 


1 


4 


NO 


NO 


NO 


NO 


NO 


2 


1 


NO 


NO 


NO 


NO 


NO 


2 


2 


NO 


NO 


NO 


NO 


NO 


2 


3 


NO 


OK, (*) 


NO 


NO 


NO 


2 


4 


NO 


NO 


NO 


NO 


NO 


3 


1 


NO 


NO 


NO 


OK, (*) 


NO 


3 


2 


NO 


NO 


NO 


OK, (*) 


NO 


3 


3 


OK, 7 = 1 


OK, (*) 


NO 


OK, (*) 


NO 


3 


4 


NO 


NO 


NO 


OK, (**) 


NO 


4 


1 


NO 


NO 


NO 


NO 


NO 


4 


2 


NO 


NO 


NO 


NO 


NO 


4 


3 


NO 


OK, (**) 


NO 


NO 


NO 


4 


4 


NO 


NO 


NO 


NO 


NO 



(*) p < 7 = 1, K£ ~ V^, f 1/2 ~ rf r 2 1/2 a with a < 1 



(**) (3 < 7 = 1, i^ 1 ~ V^, ^ ~ V 5 rr 35/2 and f 1/2 ~ 7fr 2 1/2 - Q with 
a<lforl<5<^ and Va for 5 = -| 

(*) 7 < /3 = 1, i^r/ ^ fi/2 ~ r^ 2 " 01 with a < 1 

(**) 7 < /3 = 1, if" 1 ~ Vy/n, K£ ~ V<V 2 " 35/2 and / 1/2 ~ Tfr^ 2-0 with 
a<lforl<5< - and Va for 5 = - 

7 7 

Case (4): ~ V^/i^Mn, r 2 ), a > 1 

Let us focus on each particular situation according to the different possible 
positions of the axion minimum: 

• axion minimum at (c) along direction (II) for a > I/7 
Thus at the minimum: 

(Vax) = 2 - |y 12 | - \X 2 \) . (A.147) 
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Therefore the full scalar potential flA.92j) reads: 

2 



V ~ — 

V" 



2 



l\u"]< 2 " ; - 2o 1 o 2 /i 2 _ 3a/2 (r 1 , r 2 )V a e 



a p _ ( a l r l+ a 2''"2) 



+4^ ((W^ 1 - a 2 T 2 e~ a ^) + \^Wl (A.148) 

When we take the large volume limit (II) of (1A.64[) . (jA. 148ft has the follow- 
ing volume scaling: 

y ~ J^L + J9L _ hz^h T2 ) + _H I>_ + J- (A 149) 

y2+2//3 ^ y2+2/ 7 y 2 +l//3+l/ 7 - Q ^ y2+l//3 y2+l/ 7 ^ y3 ' V • ^ 



Recalling that in this direction 1/(3 > I/7, the dominant terms in (jA. 149ft 



are: 

^_ ^ h 2 -3a/2(Tl,T 2 ) r 2 J_ , . 

~ y2+2//3 + y2+2/ 7 y 2+ l/ / 3 + l/ 7 _ Q y2+l/ 7 + y3 ' IA.10U) 

We know that the presence of the last term in (jA. 150ft is crucial to find 
the LARGE Volume minimum, so in order not to make it subleading with 
respect to the fourth one, we need to have 1/7 > 1. If 1/7 = 1, the new 
volume scaling looks like: 

K 22 X fe 2 -3a/2(n,T 2 ) T 2 1_ fA15n 

~ V2+2//3 + y4 y3+l//3-a V 3 V 3 ' (A. 101/ 



with 1/(3 > a to keep the last term in (1A. 151ft . Now setting 1//? = a > 1, 
( 1A. 151ft reduces to: 

^ ^ _ ^ 3a/2 (r 1; r 2 ) _ n 1_ 

By studying the expression flA. 152[) . we realise that there are only three 
possible situations in which the necessary but not sufficient conditions to 
stabilise ajTj ^> 1, j = 1,2, and not to neglect the leading order a' correc- 
tions, can be satisfied. The first one is when K 22 is in case (3) and depends 
also on 7]_: K 22 = V/i/ 2 (r 1; r 2 ). In addition, the first term in flA.152j) is 
subleading with respect to the other ones given that is in case (1) or 
(2) or (3) or even in case (4) but still being subleading. However we can 
again show that this case does not lead to any new LVS by noticing that 
dV/dri = combined with dV/dr 2 = gives rise to a differential equation 
f° r fi/2 whose solution is not homogeneous. 

The second situations takes place when the second term in (IA. 152ft is sub- 
leading with respect to the others. This occurs when K 22 is either in case 
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(1) or (2) and is in case (4). Moreover if ~ V 8 rf 3< ^ 2 we have 
to impose 5 = 2a — 1. However this case would not work because the 
minimisation equation = would produce a negative volume: 

V a = r-^ e aiT1 . (A. 153) 

a l' i 2-3a/2 

Finally we have to contemplate the possibility that all the terms in (IA.152I) 
have the same volume scaling. This can happen only if — ~V\[ T ~i 

and K22 — V 8 t 235 ^ 2 with 5 = (2a — 1) > 1. Even this case can be 
seen to produce no LVS. In fact, it is possible to integrate out the overall 
volume from one of the usual minimisation equations, so being left with 
two equations in t\ and t 2 . Then given that we know that we are looking 
for a minimum located at (3a\Ti ~ 02^2, making this substitution, we end 
up with two equations in just t\ which can be seen to disagree. 

On the other hand, for 1/(3 > a, we would be left with: 

K-i-i if,, 1 To 1 

V ~ — ^7- H H (A 154) 

y2+2//3 ^ y4 V 3 V 3 *a.±u«*j 

Now by noticing that equation (1A.154I) has the same form of (1A. 121[) if we 
set I/7 = 1, we can just repeat the same consideration made before and 
obtain that K^f has to be in case (3). Moreover if K^£ depends on both 
7~i and T2, then we have no LARGE Volume minimum. On the other hand, 
when K22 depends only on T2, the first term in flA.154j) is now negligible 



at large volume and can be used to fix n if we make it compete with 
the third term in flA.15ip by writing ~ V s t± 35 ^ 2 and then imposing 



l/P + a = l + S. 

On the contrary, if I/7 > 1, (1A.150j) takes the form: 



v K ^ K ™ fe 2- 3a /2(n, r 2 ) 1 rAi^ 

v ~ y2+2/p + y2+2/ 7 v 2 +V/3+i/7-« + V 3 ' (A.lOOj 

Now for (I//3+I/7 — a) > 1, (jA. 155ft at leading order in a large volume 
expansion, reduces to: 

v -\§h + wk + v^ (A - 156) 

which has already been proved to produce no LVS. On the other hand, for 
(1//3 + I/7 — a) < 1, the a' correction would be negligible at large volume, 
so forcing us to impose (I//3 + I/7 — a) = 1 and obtain: 

\r K u K ^ ^ 3a /2(ri,r 2 ) 1 , a1 ,m 
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However we can show explicitly that there is no LARGE Volume minimum. 
In fact, setting K^ 1 ~ W 2 ~ 3r?/2 with rj = § - 1, and fQ 1 ~ V 5 r 2 2 ~ 3,5/2 
with 5 = - — 1, and then substituting the solutions of dV/dri = and 
dV/dr 2 = in dV/dV = 0, one finds that it is never possible to fix the 
small Kahler moduli large enough to be able to neglect the higher order 
instanton contributions to W. If h 2 _ 3a / 2 did not depend on both T\ and r 2 
but just on one of them, this negative result would not be altered as the 
term involving h 2 _ 3a / 2 depends always on both the two small moduli via 
the two exponentials e aiT1 e a2T2 (see (1A.1481) ). 

axion minimum at (d) along direction (III) for a > 1/(3 

This situation looks like the previous one if we swap 7 with f3 and T\ with 
t 2 , therefore we do not need to discuss this case. 

axion minimum at (b) along direction (I) for 1 < a < I/7 
Thus at the minimum: 

(Vax) = 2 (\Y 12 \ - LYx| - \X 2 \) , (A.158) 

and so the full potential (IA.920 becomes: 



V 



1 

V 1 



' 2 

Y.Kj^e-^ + 2a 1 a 2 h 2 . 3a/2 (r 1 ,r 2 )V a e~ (a ^ +a ^ 
.3=1 



-4^ (oine-* T 1 + a 2 r 2 e- a ^) + \^W*. (A.159) 



When we take the large volume limit (I) of flA.64j) . (IA.159I) has the following 
volume scaling: 

K 22 x ^3a/2(n,r 2 ) n r 2 J_ 

~ V 2+2 / 7 V 2+2 / 7 v 2+2 / 7 " a v 2+1 / 7 V 2+1 / 7 V 3 ' ^ 

Due to the fact that 1 < a < I/7, the third, the fourth and the fifth 
term in (lA.160j) are suppressed with respect to the remaining ones by an 



appropriate power of the volume and so we can neglect them. Thus the 
leading part of flA.160p takes the form: 



We have already checked explicitly that this situation does not present any 
LARGE Volume minimum. 



300 



APPENDIX A. APPENDIX 



axion minimum at (b) along direction (II) for 1 < a < I/7 

In this situation the full scalar potential still looks like (1A.159[) . but the 
volume scaling behaviour of its terms now reads: 



V 



Kn K^ 1 h 2 -3a/2{Tl,T 2 ) 

~ — + TTTrrrn — r 



T-2 



1 



y2+2//3 y2+2/ 7 y 2 +l//3+l/ 7 -a y2+l//3 y2+l/ 7 y3 ' 



(A.162) 



Given that along the direction (II) 1/(3 > I/7, and the axion minimum is 
present for 1 < a < I/7, the dominant terms in (1A.162|) become: 



V 



Kn 1 

y2+2//3 ^ y2+2/ 7 



K22 1 



1 

V3' 



(A.163) 



Thus we conclude that this case does not show any LVS, as we have already 
showed. 

axion minimum at (b) along direction (III) for l<a<l//3<l/ r y 

This situation looks like the previous one if we swap 7 with (3 and T\ with 
r 2 , therefore we do not need to discuss this case. Let us finally summarise 
in the table below what we have found for this case. 

Case (4): = V a h 2 _ 3a/2 ( Tl , r 2 ), a > 1 





Kb 


(-0,(6), 

Ka<l/7 


(II), (b), 

Ka<l/7 


(II), (c), 


(IH),(b), 

1<q<1//3<1/7 


(HI), (d), 

a>l//3 


1 


1 


NO 


NO 


NO 


NO 


NO 


1 


2 


NO 


NO 


NO 


NO 


NO 


1 


3 


NO 


NO 


NO 


NO 


NO 


1 


4 


NO 


NO 


NO 


NO 


NO 


2 


1 


NO 


NO 


NO 


NO 


NO 


2 


2 


NO 


NO 


NO 


NO 


NO 


2 


3 


NO 


NO 


NO 


NO 


NO 


2 


4 


NO 


NO 


NO 


NO 


NO 


3 


1 


NO 


NO 


NO 


NO 


NO 


3 


2 


NO 


NO 


NO 


NO 


NO 


3 


3 


NO 


NO 


NO 


NO 


NO 


3 


4 


NO 


NO 


NO 


NO 


OK, (3 = 1 (**) 


4 


1 


NO 


NO 


NO 


NO 


NO 


4 


2 


NO 


NO 


NO 


NO 


NO 


4 


3 


NO 


NO 


OK, 7 = 1 (*) 


NO 


NO 


4 


4 


NO 


NO 


NO 


NO 


NO 



(*) I^22 1 — 



V^, ~ V s rl~ m with ± + a = l + 5, \ >a 



(**) K u x ~ V^n, K£ ~ V 5 r 2 2 " 35/2 with i + a = l + 5, i>o 



1 

7 
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Therefore we realise that the positive results represent cases where all the 
Nsmaii small Kahler moduli plus a particular combination, which is the overall 
volume, are stabilised. It is then straightforward to see that at this stage there 
will be (hi ; i(X) — N smaU — 1) flat directions. This terminates our proof of the 
LARGE Volume Claim. 



A. 1.3 General picture 

We shall try now to draw some conclusions from the previous LARGE Volume 
Claim. This can be done by noticing that it is possible to understand the topo- 
logical meaning of two of the four cases for the form of the elements of the inverse 
Kahler matrix. 

Let us focus on the Kahler modulus T\. From the general expression of the 
inverse Kahler matrix for an arbitrary Calabi-Yau (IA.20I) , we deduce that in this 
case, dropping all the coefficients: 

~ -Vkrnf + t\. (A. 164) 

Case (1) states that K xl x ~ if , therefore the quantity kmt 1 has to vanish. This is 
definitely true if km — 0, Vi = 1, hi t i(X), that is if the volume is linear in t\, 
the 2-cycle volume corresponding to T\. This is the definition of a three- fold with 
a K3 fibration structure over the base ti [213\. Thus we realise that Calabi-Yau 
K3 fibrations correspond to case (1). More precisely if the three-fold is a single 
fibration only K± x will be in case (1) but not K^- On the contrary, double K3 
fibrations will have both and in case (1). Thus we have proved that: 

Claim 1 K± x ~ rf -O- T\ is a K3 fiber over the base t\. 

One could wonder whether this reasoning is correct being worried about 
possible field redefinitions since we showed that they can change the intersection 
numbers. However this argument is indeed correct because, as we have explained 
above, when one restricts himself to changes of basis which do not alter the form 
of the superpotential (1A.25I) . the form of the elements of the inverse Kahler matrix 
do not change as the physics depends only on them and we know that it should 
not be modified by changes of basis. Therefore it suffices to calculate K xx in one 
frame where the geometrical interpretation is clear. 

The same procedure can be followed to prove that K X1 ~ Vy/f{ if and 
only if 7~i is a blow-up mode resolving a point-like singularity. The blow-up of 
a singularity at a point P is obtained by removing the point P and replacing 
it with a projective space like CP 1 . This procedure introduces an extra divisor, 
called exceptional, with the corresponding extra Kahler modulus that is what we 
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call a blow-up mode. An exceptional divisor D\ is such that it has only its triple 
self- intersection number non- vanishing [236J: 

D 1 ■ Di -Dj^O only if i = j = l. (A.165) 




Figure A.l: Blow-up cycle t% resolving a point-like singularity. 



Therefore if T\ is a blow-up then, in a suitable basis, we can always write 
the volume as: 

V = / 3 / 2 (r J )-r 1 3/2 , j^l (A.166) 

where fznijj) is an homogeneous function of degree 3/2. It is then clear that 
these blow-up modes are purely local effects, since the change in the volume of 
the Calabi-Yau as the blow-up cycle is collapsed, only goes as the volume of the 
cycle, with no dependence on the overall volume. In fact, a change of Ti, 8ti, 
would generate a change of the total volume of the form: 

W = g^ Sr i = "2 VnM- (A.167) 

Let us approximate the volume (IA.166j) as V ~ fs/2( T j) and calculate the Kahler 
matrix: 



9K ^ — / ^n = Sf-^v> fA168l 



It turns out that ~ o (yk/3) < 1, i / 1 and so we can immediately deduce 
the leading order term in the '11' element of the inverse Kahler matrix by simply 
taking the inverse of K%i, which gives case (3) or more explicitly ~ Vy/r\. 
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tV 2 with 



But does K^f ~ Vy/i\ imply a form of the volume as V = f 3/2(^3) — >\ 
j 7^ 1? We shall prove now that this is indeed the case. Let us focus on N sma u = 1 
without loss of generality. Then: 



_ d 2 K 2 / 1 dV dV _ <9 2 V 
l,? dridrj V\VdridTj dridrj 



for i, j = 1,2. 



(A.169) 



We can then invert the Kahler matrix and find (by denoting = Vj and similarly 
for the second derivative): 



11 2 



p V| - V 22 



(yV 2 - V u ) (±Vf - V 22 ) - (iViVa - V 12 )' 



(A.170) 



Now if we impose that at leading order K n = c{V ^fr{ with ci 6l \ {0}, we get 
that at leading order: 



\ vf - v 22 



- Vu) (yV| - V 22 ) - (iViVa - M 



(A.171) 



Now using the homogeneity property of the volume in terms of the 4-cycle moduli, 
TiVi + r 2 V 2 = |V, we derive: 



V 2 



3 V Viri 



Vi VnT! 



12 



V 22 = 3V-4V i;i +4V 11 r ? (A m) 

4 T 2 



2r 2 r 2 ' x " 2r 2 r 2 

Now plugging (1A.172I) back in (1A.171j) . we find that at leading order: 

3V (1 + 2c lv ^V n ) - 2Vi (2ri + civ^Vi) = 0. (A.173) 



(l-3a) 



We can now write the general form of Vi as Vi = c-i\? a T x 2 with c 2 G R \ {0} 
and a < 1. It follows then that: 



Vu = c 2 



an 



V a r x 



(l-3c) 



ac^V 20 - 1 ^ 1 - 30 + c 2 (1 J^V ^^ 



(A. 174) 



which for a < 1, a ^ 1/3, at leading order reduces to: 

(1 — 3a) _(3£±i) 



(A.175) 



while for a = 1/3 reads: 



and for a = 1 becomes: 



-1/3 



v 

Vu = C 2 -2 (C 2 - 1). 

1 



(A.176) 
(A. 177) 
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2 v 2a-l (l-3a) 



Now ifl/2<a<l, then OA. 173ft at leading order looks like: 

3Vu 

For 1/2 < a < 1, using OA. 1751) . OA. 178ft gives: 
3c 2 - 



1 - 3a) _(3£±i) 



2 V 2a-l (l-3a) 
c 2 K ' 1 i 



which at leading order reduces to: 



(3q+l) 

y Q Tl 2 



0. 



(A.178) 



(A. 179) 



(A.180) 



with the solution a = 1/3 that is in contradiction with the fact that we are 
considering a > 1/2. For a — 1, using 0A.177j) . flA.178j) becomes: 



3(c 2 - 1) 



Pa, 



(A.181) 



but the solution c 2 = 3/2 =^> T\V\ = fV, using the homogeneity property of the 
volume, TiVi + T2V2 = |V, would imply V2 = and so we have to reject it. On 
the contrary if a = 1/2, then (jA. 173ft at leading order takes the form: 

6civ^Vn = (2 Cl c 2 2 - 3), (A. 182) 

and by means of (1A.175j) . this expression at leading order becomes: 



Cl^V^T, 3 = 0, 



(A.183) 



that clearly admits no possible solution. Finally if a < 1/2, then (1A. 173ft at 
leading order becomes: 

3V(l + 2ci v /^Vn) = 0. (A.184) 
Due to (I A. 175ft . OA. 184ft for a ^ 1/3 reads: 



3V(l + c 1 c 2 (l-3a)V Q r 1 " 



0. 



whereas using 0A.176j) . 0A.184j) for a = 1/3 takes the form: 

^2 



= 3V( l + 2civ^^V- 1/3 



3V, 



(A.185) 



(A.186) 



which is impossible to solve. Now focusing on (IA. 185[) . if a < we do not find 
any solution, whereas if < a < 1/2, OA. 185}) reduces to: 



3cic 2 (l - 3a)V a+1 r 1 ^ 



(A.187) 
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which is solved by a = 1/3 that is in disagreement with the fact that we are 
considering 1/3. Lastly for a = 0, (jA. 185ft looks like: 



3V(1 + c lC2 ) = 0, (A.188) 
which admits a solution of the form Co = ——. Therefore we have Vi = and 

i 3/2 3/2 

V n = — 2ci ^f[ that imply an overall volume of the form V = A 2 t 2 — \ir x . It is 
easy now to generalise this result for N sma u > 1 given that we have shown that: 

Claim 2 K^ 1 ~ V0T ^ V = / 3/2 (r j ) - rf /2 wift j ^ 1 n is 
the only blow-up mode resolving a point-like singularity. 

We point out also that the stressing that the blow-up has to resolve a point- 
like singularity is exactly related to the fact that it has to be a purely local effect. 
In fact, the resolution of a hyperplane or line-like singularity would not be a local 
effect, even though it would still enable us to take a sensible large volume limit 
by sending r b large and keeping t\ small. In this case, it is plausible to expect an 
expression for the overall volume of the form: 

V = rj 2 - r b rl /2 - rf /2 . (A. 189) 

If we approximate the volume as V ~ r ^ 2 j we can see that the change of V 
with the increase of the cycle size T\ does not depend on powers of T\ alone as in 
( IA. 167ft but it looks like: 

BV It, 1 V 2 / 3 

5V = — Sn ~ --—pzSn ~ ---=5^ (A.190) 
dri 2 y/n 2 y/n 



Moreover the case flA.189j) gives rise to an inverse Kahler metric of the form 



K X i ~ y 1 / 3 ^^ 2 which does not satisfy the condition of the LARGE Volume 
Claim exactly because T\ is not resolving a point-like singularity. 

Let us show now that if we have N sma u = 2 with one small modulus t 2 
which is a local blow-up mode then the cross term has to be in case (1): 

~ T1T2. Without loss of generality we can consider just one large modulus 
r 3 and so the volume will look like V = / 3 /2( r 3, r i) — ■ The computation of 
the Kahler metric gives an expression like (IA. 169ft but now for i,j = 1,3 with in 
addition: 



^ 22 = 2V-=, K V = -vT V i> with j = 1,3, (A.191) 



and the '12' element of the inverse Kahler metric in full generality reads: 

K -! = r 2 V 2 (}^Vi3 ~ V1V33) 

(3r 2 3/2 - V) (V n Vf + V33V? - 2V 1 V 3 V 13 ) - V 2 (V 2 3 - V n V 33 ) ' 
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Using again the homogeneity property of the volume, we can find the following 
relations: 



7"3 



T ) - nVx 



Vl3 = ~ 

73 



¥ " riVn 



3(V + r 2 3/2 ) +4r 1 (r 1 V 11 -V0 



which substituted back in (1A. 192ft give the final result: 

2V 2 rir 2 



2V 2 + 6Vr 2 3/2 - 9r| 



(A.193) 



Similarly one can check the correctness of Claim 2 by finding at leading order 
K 2 2 ~ V^. Let us summarise this result in the following: 



Claim 3 If N t 



small 



2 and K 22 ~ V/r^ =>- K 12 ~ TiT2. 



We immediately realise that this Claim rules out the possible LARGE Vol- 
ume minima along the directions (II) and (III) for the case (2), (3) and (4). 
However following arguments similar to the ones presented to prove Claim 2, one 
can show that if K 22 ~ and so K± 2 ~ T\T 2l can never be in case 

(4). Hence also the new would-be LVS along the directions (II) and (III) for the 
case (1) have to be rejected because mathematically inconsistent. Claim 3 also 
implies that the LVS along the direction (I) for case (2) and (3) is viable only if 



k: 



-1 



V/4/ 2 (ti,t 2 ) 



with 



d 2 h^ 

8t\ c)t2 



± V j = 1,2. In fact if 



were vanishing, 



then Claim 3 would imply K l2 in case (1) and not (2) or (3). 

In reality we understand these two cases better by realising that we can go 
further in our connection of the topological features of the Calabi-Yau with the 
elements of K~ x . In fact, one could wonder what happens when a singularity 
is not resolved by just one blow-up cycle but by several independent local blow- 
ups. A concrete example where this happens, is the resolution of the singularity 
at the origin of the quotient C 2 /G, where G is a finite subgroup of SU(2) acting 
linearly on C 2 . This resolution replaces the singularity by several CP^s which 
correspond to new Kahler moduli whose number is determined by the group G. 
For example, if G = Z n , one gets n — 1 such CP^s which play the role of the 
simple roots of the Lie algebra A n _i = su(n). After resolving the singularity of 
C 2 /G, one obtains an example of an ALE space [237J. 



Focusing on the case N sma u 
take the general form: 



2, in a suitable basis, the overall volume will 



V = r fe 3/2 -03/2(7-1,73) 



(A. 194) 
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with 03/2 (Til t 2 ) 7^ t/^+t^ since in that special case T\ and r 2 would be blow-up 



3/2 . 3/2 
1 + V 

cycles resolving two different point-like singularities. If the total volume is given 
by (1 A. 194ft then the scaling with the volume of the elements of the Kahler metric 
is (denoting dgs/2/drj = fj and similarly for the second derivative): 

1 „ Q1Q9. Qv>. 1 



A, 



bb 



A 



V 2 



9j 



12 ~ 


9x92 
V 2 


012 

V 


9] 

V 2 


, 9jj 
V 


1 

V 



3 = 1,2, 



therefore producing: 



y" 1 

v- 1 v- 1 



y-5/3 
y-5/3 
y-5/3 y-5/3 ' y-4/3 



(A.195) 



where we have highlighted with a box the submatrix with the leading powers of 
the volume. We have just to invert this submatrix to get A~- for j — 1,2 and 
which turn out to be given by: 



-1 



v (if) 



VM%(ti,ts) 
V/i/ 2 (ri,r 2 ) 



a: 



-1 
22 



where A = 011022 



V^/ 2 ( 

9u- 



n,T 2 j 



(A.196) 



Following arguments similar to the ones used to prove Claim 2 we can also show 
that starting from A^ 1 ~ Vhy 2 (ri, t 2 ) with /i^ really dependent on both the 
small moduli, the form of the volume has to be (1A.194j) . A good intuition for 
this result is that by setting n = r 2 , this is the only way to recover Claim 2. 
Therefore we have shown that: 



Claim 4 Afi 1 ~ V/i^(n, r 2 ) and A^ 1 ~ V/i^(n, r 2 ) 

fz/iijj) — 03/ 2 (ti,t 2 ) wi^/i J 7^ 1,2 4^ ri and r 2 are two md< 
blow-up modes resolving the same point-like singularity, 
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along with: 

Claim 5 If ~ Vh i ^ 2 (r 1 ,r 2 ) and K 22 l ~ V/i^fa, r 2 ) 
^i^ 1 ~ V/i/ 2 (ri,r 2 ). 



In generality we can conclude that whenever K-^ ~ Vhy 2 (ri, r 2 , TAr amaH ) 

then Tj is a blow-up resolving a point-like singularity. Moreover, if 7t!jy 2 depends 
only on Tj, then Tj will be the only blow-up cycle resolving the singularity and 
K^ 1 ~ TiTj Vi 7^ j = 1, N sma a; on the contrary, if h!fj 2 depends on several 
4-cycle moduli, say Tj and t& for j ^ k, the singularity is resolved by all those in- 
dependent 4-cycles with Kj£ ~ V/i/ 2 (r j , r k ) and K^ 1 ~ TiT,- Vi ^ Z = 1, iV sma /z 
for / = j, fc. 

These considerations imply that the would-be LVS along direction (I) for 
case (2) is mathematically inconsistent. Thus for N sma u = 2 we are left with just 
two cases that give rise to a LARGE Volume minimum located at V ~ e am ~ 



1. K l2 ~ r i r 2) -Kj-j ~ "^V^" ^ = 1)2 where n and r 2 are local blow-up 
modes resolving two different point-like singularities; 

2. ~ V/i/ 2 (ri, r 2 ), K" 1 ~ Vhy 2 (ri, r 2 ) Vj = 1, 2 where Ti and r 2 are two 
independent blow-up modes resolving the same point-like singularity. 



The only difference between these two cases is that the first one works 
always whereas the second one gives a LVS only if, writing the volume as V = 
f3/2( T j) — 5'3/2(' r i) t 2) with j 7^ 1,2, the homogeneous function g 3 / 2 is symmetric 
in 7~i and r 2 . This can be seen easily by comparing the solution of the two 
minimisation equations |^ = and J^- = 0, then substituting the solution we 
are looking for, that is a\T\ ~ a 2 r 2 , recalling (IA.196I) and lastly finding that we 
do not get a contradiction only if g 3 / 2 is symmetric. 



Appendix B 



B.l Higher order corrections to the inflationary 
potential 

In this appendix we derive explicitly the leading corrections to the fixed-volume 
approximation, which give rise to higher order operators. We show that these 
operators do not introduce an 77 problem since they are suppressed by inverse 
powers of the overall volume. 

B.l.l Derivation of the n dependent shift of (V) 

We start from the very general scalar potential (18.671) : 

V = [-Ml* (cV)P + ,3] f + £ + - % (B.l) 

where we have set C = since the loop corrections proportional to C turn out 
to be numerically small in the cases of interest, both to finding the minimum in 
T\ and to the inflationary region. We now minimise this potential to obtain (V), 
first turning off the loop potential to investigate how the uplifting term changes 
the minimum for V. We follow this by a perturbative study of the additional 
TV dependence generated by the loop corrections: (V) = Vo + 8V{t\). 

Uplifting only 

In the absence of loop corrections the potential reads: 

V=[-^(\n(cV))^ + ^]^ + ^ } (B.2) 
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where the up-lifting term is chosen to ensure: 



and so: 



(K)=[-Mln(cV )) 3 / 2 + /,3]^ + ^ = 0, 



w 2 



Here Vq satisfies dV/dV\ v = 0, and so must solve: 



+ ^ + 3(ln (cV )) 1/2 - 6(ln (cV )) 3/2 = . 



/i.i 



This is most simply analysed once it is rewritten as: 
^+p(ln(cV )) 1/2 -(ln(cVo)) 3/2 = 0, 



with: 



= JL ( 
// 4 2ary \g s ) 



3/2 



(B-3) 



(B.4) 



(B.5) 



(B.6) 



(B.7) 



and the parameter p takes the value p = § if we evaluate 5 up using (1B.4j) . or 
p = | if we take 5 up = 0. Tracking the dependence on p therefore allows us to 
understand the sensitivity of the result to the presence of the uplifting term. 

The exact solution of (1B.6P is: 



ln(cV 



I2p + (l08ip + 12^81^ 2 - 12pA 



2/3' 



36 (l08V> + 12^81^ - 12p 
which approaches the p- independent result: 

i 



2/3 



(B.8) 



2/3 



In (cV ) ^ ip 2/3 = a 3 



2 «7 



(B.9) 



when ij; ^> 1, in agreement with eq. (I8.66P together with expression (18.191) for T3. 
This shows that we may expect the uplifting corrections to Vo to be small when 

V> > l- 



Including loop corrections 



The potential now is given by (IB.lj) and so the presence of the loops will generate 
a T\ dependent shift of V such that: 



V = Vo + SV(n), with 5V(n) < V Vn. 



;b.io) 
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In order to calculate 5V(ti) at leading order, let us solve the minimisation equa- 
tion for the volume taking into account that now that we have turned on the 
string loops, we need to replace 5 up by 5' up = 5 up + fi up , where \i up is the constant 
needed to cancel the contribution of the loops to the cosmological constant. 

^ = ^liZ__^ +4 jV + 6^ + 3(ln (cVW ~ 6(ln (cV))«» = 0. 

' ' ' (B.11) 

We notice that the logarithm in the previous expression can be expanded as 
follows: 

ln(cV) = ln(cV ) + ^^, (B.12) 
and by means of another Taylor series and the result (IB. 51) . we are left with: 



+ 4 ,xz2 H 2 + o ( ln ( cV o)) -9(ln(cVo)) ' 

/MT 2 /i 4 0T /i 4 W / Q 



2 + ^-^^?2- ( B - 13 ) 



Now recalling the expression (1B.4P for 5 up combined with (IB.6j) . we obtain: 

(B.14) 



/ 4AVo _ 6B , 4 ^ P Vo \ 



Vo ( 3 (In (cV )) 1/2 - | (In (cV,))^ 2 - ^ - 4^) ' 

We can still expand the denominator in (1B.14j) and working at leading order we 
end up with: 



V o " (3(ln(cVo)) 1/2 -|(ln(cV ))- 1 ' 
We have now all the ingredients to work out the canonical normalisation. 



(B.15) 



B.l. 2 Canonical normalisation 

As we have seen in the previous subsection of this appendix, V and r 3 will both 
have a T\ dependent shift of the form: 

V = Vo + SVin), (B.16) 

T3 ,hm + ^M, (B ,T) 

a 3 a 3 V 

which will cause <9 M V and not to vanish when we study the canonical normal- 
isation of the inflaton field T\ setting both V and r 3 at its T\ dependent minimum. 
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Thus we have: 



dan 



d(5V(n)) 



dun, 



On 

1 d(5V(n)) 



a 3 V dr t 
The non canonical kinetic terms look like: 
1 d 2 K 



(B.18) 
(B.19) 



kin 



2 cry 7j 



3/2' 



'i 



V 




1 — cry- 



.3/2' 
3 

V 



2V 



2Vt! 

3«7 v 7 ^ 



2 V 2 m 

1 Vi^v 



8 V^/n 



2 V 2 



3cry 



8 v^r 3 



(B.20) 



Now using (IB.18I) and (IB. 19[) . we can derive the leading order correction to the 
canonical normalisation in the constant volume approximation: 



C 



kin 



3 

s^F L 



3 d n V V )\ 



1 

2 ( 



:b.2v 



where p is the canonically normalised inflaton. Writing (p = g{r\) we deduce the 
following differential equation: 



gg(n) v 7 ^ 

<9ri 2n ' 



4n 9 (5V{n 



3 9n 



Vo 



'B.22) 



which, after expanding the square root, admits the straightforward solution: 



V3 



lnri 



73V Vo J 2 



lnri 



1 - 



2 (SV(n)\ 
3 Inn V Vo / 



;B.23) 



where the leading order term reproduces what we had in the main text. We still 
need to invert this relation to get n as a function of (p and then plug this result 
back in the potential. We can write this function as: 



Tl 



%0) 



(B.24) 



where /i(y?) <C 1. 
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At this point we can substitute (IB. 24)1 in (IB. 23}) and by means of a Taylor 
expansion, derive an equation for h(<p): 



tp = <p-<p 







3 mTi 





+ ^%0 + - 

e 2 v /V3 * 



2 f SV(T!) \ 

3 V V J 



Ti=e 



;B.25) 



where we have imposed that the two first order corrections cancel in order to 
get the correct inverse function. Therefore the final canonical normalisation of T\ 
which goes beyond the constant volume approximation reads: 



1 + 



2 f6V{n) 



e 2tp/y/3 



[B.26) 



B.l. 3 Leading correction to the inflationary slow roll 

In order to derive the full final inflationary potential at leading order, we have 
now to substitute V = Vo + 8V(ti) in (IB.lj) to obtain a function of just t\. After 
two subsequent Taylor expansions, the potential reads: 



V 



,3/2 / 1 gjVfa) \ ^p_(Vo + 5V(n)) , £ 



-Ml* (cVo)) J/2 1 + " " + /is + "„, 2 v ^ + 



2Voln( C Vo)7 ^ P^o 2 7? v^T. 



v 3 ■ 



Recalling the expression (1B.4I) for <5 up , the leading contribution of the non-perturbative 
and a' bit of the scalar potential cancels against the up-lifting term and we are 
left with the expansion of <5V( np ) + 6V(a>) + $Vr up ) plus the loops: 



V 



— (In(cVo)) -^ + — ^ + + 



It is now very interesting to notice in the previous expression that the 
leading order expansion of the non-perturbative and a' bit of the potential cancels 
against the expansion of the up-lifting term. In fact from (1B.27|) . we have that: 

5V (np) + SV W = -^(ln (cV )) 1/2 ^^|, (B.28) 

along with: 

0V(u P ) = = — (ln(cVo)) Vq V 3 , ( B -29) 

where the last equality follows from (1B.4|) and (IB. 61) . This result was expected 
since we fine tuned 5V^ up ) to cancel 5V^ np ) + SV( a '\ at V = Vo and then we have 
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applied the same shift V = Vo + SV(ti) to both of them, so clearly still obtaining 
a cancellation. 

Thus we get the following exact result for the inflationary potential: 

B 



Vi 



inf 



/VV AV 



V 3 ' 



(B.30) 



It is now possible to work out the form of [i up . The minimum for t% lies at: 



(ri> = 

and so by imposing (V^ n /) = we find: 



AA \ 2/3 
~B 



:b.3i: 



f^up 



B 



4/3 



A 1 / 3 V 4 J V 4 / 3 ' 
We can now expand again V around Vo and obtain: 



;B.32) 



f^up 



-^4/3 



V 4/3 



4 5V(rO\ 
3 Vo J 



along with: 
where: 



y(o) 



V inf = V (0) + 5V, 
1 , AV 



B\ 4 ' 



B 



A 1 / 3 V 4 / V 



1/3 



V 3 



(B.33) 

(B.34) 
(B.35) 



is the inflationary potential derived in the main text in the approximation that 
the volume is Ti-independent during the inflationary slow roll, and: 



5V 



10 



5\ 4/3 



A 1 / 3 \ 4 J v 



B 



1/3 



f , (B.36) 



is the leading order correction to that approximation. 

Now that we have an expression for the up- lifting term \i up given by flB.33j) . 
we are able to write down explicitly the form of the shift of V due to T\ (IB. 151) 
at leading order: 



Vo 



I 4AV ° 



6B 



3B 4 / 3 



1 



VW T 1 ' M4(4A) 1/3 V 1/3 



3(ln(cV )) 1/2 -f (ln( C V )) 



-1/2 



;b.37) 



Notice that the other possible source of correction to V^ -* is the modification of 
the canonical normalisation of T\ due to bV{j\) given by flB.26j) . Let us therefore 
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evaluate now the contribution coming from this further correction. Working just 
at leading order, we have to substitute (IB. 261) in and then expand obtaining: 



VV> = V$+5VV>, 



(B.38) 



whereas we can just substitute T\ — e 



2ip/V3 



in SV since an expansion of this term 



would be subdominant. At the end, we find that: 

V inf 

where: 



(B.39) 



(0) 



inf 



A 1 / 3 V 4 



4/3 



Vo 



1/3 



+ AV e-^ /V * - Be-^ 



if' (B.40) 



is the canonically normalised inflationary potential used in the main text in the 
constant volume approximation. Moreover, 5V^ and 5V turn out to have the 
same volume scaling and so their sum will give the full final leading order correc- 



tion to V^J: 



8V in f = — - 



5V inf = 6V {0) + 6V, 



10 






3 


y 






A 1 / 3 



f) 



4/3 



1/3 



+ AV e- 4v/V * - Be~ v/VE 



W 
V 



Comparing (1B.40I) with flB.4ip . we notice the interesting relation: 



SVi 



inf 



10 

y 



Vn 



(0) 



e 2<p/V3 



inf ' 



which implies: 



inf 



(0) 



inf 



3 



(B.41) 



(B.42) 



(B.43) 



This last relation shows a special instance of the general mechanism discussed 
in the main text of how this model avoids the //-problems that normally plague 
inflationary potentials. In particular, the corrections from the one loop potential 
is seen to enter in the volume-suppressed combination 5V /Vo 1, ensuring that 
their contribution to the inflationary parameters e and r] is negligible. 



B.2 Loop effects at high fibre 

In this section we investigate in more detail what happens at the string loop 
corrections when the K3 fibre gets larger and larger and simultaneously the CP 1 
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base approaches the singular limit t\ — > 0. One's physical intuition is that loop 
corrections should signal the approach to this singular point. In fact, we show 
here that the Kaluza-Klein loop correction in r 2 is an expansion in inverse powers 
of r 2 which goes to zero when t\ — > oo ^ t\ — » 0, as can be deduced from (|8.28p . 
Therefore the presence of the singularity is signaled by the blowing-up of these 
corrections. We then estimate the value r* below which perturbation theory still 
makes sense and so we can trust our approximation in which we consider only the 
first term in the 1-loop expansion of SV^^-_ loop and we neglect all the other terms 
of the expansion along with higher loop effects. However it will turn out that, 
still in a region where T\ < r*, 5V^ K , corresponding to the positive exponential 
in V, already starts to dominate the potential and stops inflation. 

Let us now explain the previous claims more in detail. Looking at the 
expressions (18.221) for all the possible 1-loop corrections to V, we immediately 
realise that both 5V, K ^ and 8VfY\ goes to zero when the K3 fibre diverges 

since t* = V^iTi- Therefore these terms are not dangerous at all. Notice that 
there is no correction at 1-loop of the form 1/ (tiV 3 ) because, just looking at the 
scaling behaviour of that term, we realise that it should be a correction due to 
the exchange of winding strings at the intersection of two stacks of _D7-branes 
given by t±, but the topology of the K3 fibration is such that there are no 4-cycles 
which intersect in t%, and so these corrections are absent. 

However the sign at 1-loop that there is a singularity when T\ — > oo 
ti — > 0, is that 8V^? T2 blows-up. In fact, following the systematic study of the 
behaviour of string loop corrections performed in chapter 5, the contribution of 
8K^i-i 00 p at the level of the scalar potential is given by the following expansion: 



n/M V- / n p (nKK\V d P {K )\ W ( 

dV T 2 ,l-loop = 2^^ a ^V C 2 j 



^2 




drl J V 2 

witha p = ^=^p=l. (B.44) 

The vanishing coefficients of the first contribution is the 'extended no-scale struc- 
ture.' Hence we obtain an expansion in inverse powers of r 2 : 



T2,l — l00p 



a <) 2+a3 (i) 3+ 



V 2 

KK 



with p = g s C£ K < 1 and a { ~ 0{l) Vi. (B.45) 

We can then see that, since from f)8.28p when t\ — > oo <^ t± — > 0, r 2 — ► 0, all 
the terms in the expansion (1B.45j) diverge and perturbation theory breaks down. 
Thus the region where the expansion flB.451) is under control is given by: 



— < 2-10" 2 & > 50g s C? K n < aiV 2 with a x = (50ag s C? K ) '' 

(B.46) 
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We need still to evaluate what happens at two and higher loop level. The be- 
haviour of the 1-loop corrections was under rather good control since it was 
conjectured from a generalisation of an exact toroidal calculation [106J and it 
was tested by a low energy interpretation in chapter 5. However there is no ex- 
act 2-loop calculation for the toroidal case which we could try to generalise to 
an arbitrary Calabi-Yau. Thus the best we can do, is to constrain the scaling 
behaviour of the 2-loop corrections from a low energy interpretation. A naive 
scaling analysis following the lines of chapter 5, suggests that: 



d 2 (6K?J_ loops ) 9s I d 2 (5K?J_ loop ) 



<9t| 167r 2 r 2 drk 



;B.47) 



and so SK^_ loops is an homogeneous function of degree n = — 4 in the 2-cycle 
moduli, exactly as 8K^ T2l _ loop . Given that: 

g (Mffi-toJ „ rKK d 2 (K tree ) 

equation flB.471) takes the form: 

d 2 (5K™_ loops ) g 2 C 2 KK 1 «9 3 (JiT, 



,r,e) . (B.49) 



dr 2 16n 2 r 2 <9rf 

The previous relation and the homogeneity of the Kahler metric, produce then 
the following guess for the Kaluza-Klein corrections at 2 loops: 

xirKK 9 2 C2 K d 2 (K tree ) / nm \ 

SK T2 ,2-loops ^ > ( B - 50 ) 

that at the level of the scalar potential would translate into: 



sv kk <rJ- '. 



r 2 ,2-loops g 7] _2 



V 2 ' 



We notice that (1B.5ip has the same behaviour of 0B.450 apart from the sup- 
pression factor (87r 2 Cf K ) ~ C(10- 2 ). This is not surprising since the leading 
contribution of 8K^_, in V is zero due to the extended no-scale but the lead- 
ing contribution of 5K^_ loops in V is non- vanishing. Thus we conclude that 
in the region t\ <ti <J\V 2 both higher terms in the 1-loop expansion (1B.45j) and 



higher loop corrections (1B.51[) are subleading with respect to the first term in 
(IB.45[) which we considered in the study of the inflationary potential. 

However, writing everything in terms of the canonically normalised inflaton 
field (p expanded around the minimum, the first term in flB.45j) turns into the 
positive exponential which, as we have seen in section I8.2.3[ destroys the slow- 
roll conditions when it starts to dominate the potential at max = 12.4 for R = 
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2.3 ■ 10 6 . In this point T1T2 is not yet completely subleading with respect to 
5V, KI f and so the slow-roll conditions are still satisfied. The form of this bound 

(9s),T2 

in terms of T\ can be estimated as follows: 

n = (n> e 2 ^-/^ = f^j y 2 max V^ & n < <x 2 V 2 / 3 with a 2 = 4.2-10 6 (J J 

(B.52) 




Figure B.l: Plots of the constraints rf 1021 = o{\> 2 (red curve) and r™ ax = <7 2 V 2//3 
(blue curve) in the (ti, V) plane for the case SV2. 



Let us now compare the bound (IB.46I) with (IB. 521) to check which is the 
most stringent one that constrains the field region available for inflation. The 
value of the volume at which the two bounds are equal is: 

/_ \ 3/4 r KK( r KK\3/2 

V.= g) ^.M.xo^a^.. (B.53) 

Using the natural choice of parameter values made in the main text (for SV2 for 
example), V* = 582, and so, since we always deal with much larger values of the 
overall volume, we conclude that the most stringent constraint is flB.52h as can 
be seen from Figure IB. II 

Therefore the final situation is that, when the K3 fibre gets larger, $V£jt. T2 
starts dominating the potential and ruining inflation well before one approaches 
the singular limit in which the perturbative expansion breaks down and these 
corrections blow-up to infinity. 
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C.l Moduli couplings 

We shall now assume that the MSSM is built via magnetised D7-branes wrapping 
an internal 4-cycle within the framework of four dimensional N — 1 supergravity. 
The full Lagrangian of the system can be obtained by expanding the superpo- 
tential W, the Kahler potential K and the gauge kinetic functions /, as a power 
series in the matter fields [238J: 

W = W mod (p)+^p)H u H d + ^^-C i C>C k + ... J (C.l) 

o 

K = K m U^^) + K fj ( ( p,(p)C i C' + [Z{<f,<f)H u H d + h.c.} + ..., (C.2) 

fi = ^^ + h l {F)S. (C.3) 

47T 

In the previous expressions, ip denotes globally all the moduli fields, and W mod 
and K mod are the superpotential and the Kahler potential for the moduli. H u and 
H d are the two Higgs doublets of the MSSM, and the C"s denote collectively all 
the matter fields. In the expression for the gauge kinetic function (IC.3I) . Tmssm 
is the modulus related to the 4-cycle wrapped by the MSSM D7-branes, and 
hi(F) are 1-loop topological functions of the world- volume fluxes F on different 
branes (the index i runs over the three MSSM gauge group factors). Finally the 
moduli scaling of the Kahler potential for matter fields Kfj((p,(p) and Z(<p,0), 
for LVS with the small cycle r s supporting the MSSM, has been derived in [179J 
and looks like: 

1/3 1/3 

Kl -{^p)~^k l3 {U) and Z(tp,ip)~J!— z (p). (C.4) 
n n 

C.l.l Moduli couplings to ordinary particles 

We now review the derivation of the moduli couplings to gauge bosons, matter 
particles and Higgs fields for high temperatures T > Mew- in this case all the 
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gauge bosons and matter fermions are massless. 



• Couplings to Gauge Bosons 



The coupling of the gauge bosons X to the moduli arise from the moduli 
dependence of the gauge kinetic function (10.3[) . We shall assume that the MSSM 
-D7-branes are wrapping the small cycled, and so we identify T MS sm = T s . We 
also recall that the gauge couplings of the different MSSM gauge groups are given 
by the real part of the gauge kinetic function, and that one obtains different 
values by turning on different fluxes. Thus the coupling of t s with the gauge 
bosons is the same for U(l), 577(2) and SU(3). We now focus on the U(l) factor 
without loss of generality. The kinetic terms read (neglecting the uninteresting 
flux dependent part): 

£gauge = _ j^f ^^F^ . (C.5) 

We then expand r s around its minimum and go to the canonically normalised 
field strength G^ defined as: 

G> = VFs) F ^ (C6) 

and obtain: 



l~"gauge G^ U G^ , G ^ V G^ . (C7) 



5t\ 
MAt s ) 

Now by means of f)9.40p we end up with the following dimensionful couplings: 




^xx - WG^, (C.f 



C*xx ~ ( jf- ) SG^G*". (C.9) 



• Couplings to matter fermions 



The terms of the supergravity Lagrangian which are relevant to compute 
the order of magnitude of the moduli couplings to an ordinary matter fermion ip 
are its kinetic and mass terms]! 

C = K^inrfd^ + e K/2 XH^, (C. 10) 

1 The large cycle would yield an unrealistically small gauge coupling: g 2 ~ (Tb)^ 1 ~ 10~ 10 . 
2 Instead of the usual 2-component spinorial notation, we are using here the more convenient 

4-component spinorial notation. 
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where H is the corresponding Higgs field (either H u or Hd). The moduli scaling 
of Kx^, is given in (IC.4I) . whereas e K ^ 2 = V -1 . Expanding the moduli and the 
Higgs around their VEVs, we obtain: 

(l-lp- + ..)\((H) + 5H)^. (C.11) 



(r 6 ) 3 / 2 V 2 (r 6 ) 

We now canonically normalise the ip kinetic terms (ip — > ip c ) and rearrange the 
previous expression as: 

£ = ijj c (z7 M (9 M + m^p) ip c + ( -y— r — 7-7] "^c (il^d^ + m^p) ijj c 

V3(r s ) (r 6 )y 

+ ^7~T J m^Tpcipc + £sh, (C.12) 



3 (t s ) 2 (r 6 ) 



where: 
and: 

C>5H 



(T s )V3( T6 )l/2> 



(^^ ) - (^^73) ^WcVc (C14) 



The second term of flC.12j) does not contribute to the moduli interactions since 
Feynman amplitudes vanish for on-shell final states satisfying the equations of 
motion. Writing everything in terms of $ and x, we end up with the following 
dimensionless couplings: 

C^ c ~ f^W^c- (C.16) 

Moreover the first term in the Higgs Lagrangian flC.141) gives rise to the usual 
Higgs-fermion-fermion coupling, whereas the second term yields a modulus-Higgs- 
fermion-fermion vertex with strength: 



£sh^ c ~ [yyE ) $Hip c i/j C} (C.17) 

£ V UI,-,:. ~ ( :i ) \' V// 'V'.V. ( C . 1 S ) 



1 

M P V 5 / 6 



W ~ ( 77^ 1 ^^ii. (C.19) 
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We notice that for T > Mew the fermions are massless since (H) = 0, and so 
the two direct moduli couplings to ordinary matter particles (IC.15I) and (IC.16I) 
are absent. 

• Couplings to Higgs Fields 

The form of the un-normalised kinetic and mass terms for the Higgs from 
the supergravity Lagrangian, reads: 

Cm 9gs = K RH d,Hd»H - K BH (fi 2 + m 2 ) HH, (C.20) 

where H denotes a Higgs field (either H u or Hd) , and fi and mo are the canonically 
normalised supersymmetric /i-term and SUSY breaking scalar mass respectively. 
Their volume dependence, in the dilute flux limit, is jllUj : 

IAI ~ m ° ~ V^v- (a21) 

In addition to (]C20p . there is also a mixing term of the form: 

£mggs mix = Z (d^Hdd^Hu + d^H d d^Hu) — K Bh B\i (H d H u + H d H u ) , (C.22) 
with: 

Bp, ~ ml- (C.23) 

However given that we are interested only in the leading order volume scaling of 
the Higgs coupling to the moduli, we can neglect the 0(1) mixing of the up and 
down components, and focus on the simple Lagrangian: 

C Higgs = K RH [d»Hd»H- ? HH) (C.24) 



~K BB 



h { u + -^\h + h(u + -^\h 



(VlnV)V V (VlnV) z 

We now expand Khh an d (VlnV) -2 and get: 



H[n + m H [ 1 — 3-^4- ) ) H+ 



where K = {t s ) 1 ^ (V)^ 2 ^ and the Higgs mass is given by: 



(C.25) 
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Now canonically normalising the scalar kinetic terms H — > H c = ^KqH, we 
obtain: 

Cm 99 s = -l[H c (n + m 2 H )H c + H c (D + m 2 H )H c ] 



1 tin _ $n_ 

2V3(r s ) (n) 

5n 



) [H c (D + m 2 H )H c + H c (D + m 2 H )H c ] 



+3-^m 2 H H c H c . (C.27) 

The second term in the previous expression does not contribute to scattering 
amplitudes since Feynman amplitudes vanish for final states satisfying the equa- 
tions of motion. Thus the dimensionful moduli couplings to Higgs fields arise 
only from the third term once we express 5rb in terms of $ and \ using (I9.39p . 
The final result is: 

^ ~ (]^)* flA ~(v^vp)* fl - ff - (c ' 28) 



C.1.2 Moduli couplings to supersymmetric particles 

We shall now work out the moduli couplings to gauginos, SUSY scalars and Hig- 
gsinos. Given that we are interested in thermal corrections at high temperatures, 
we shall focus on T > Mew- Thus we can neglect the mixing of Higgsinos with 
gauginos into charginos and neutralinos, which takes place at lower energies due 
to EW symmetry breaking. 



• Couplings to Gauginos 



The relevant part of the supergravity Lagrangian involving the gaugino 
kinetic terms and their soft masses looks like: 

Cgaugrno * ^A'z^^A' + ^ (A' A' + h.C.) , (C.30) 

where in the limit of dilute world-volume fluxes on the D7-brane, the gaugino 
mass is given by My 2 = t^t [llUj . Now if the small modulus supporting the 
MSSM is stabilised via non-perturbative corrections, then the corresponding F- 
term scales as: 



Notice that the suppression factor InV ~ la(Mp/ 1713/2) in (IC.31I) could be absent 



in the case of perturbative stabilisation of the MSSM cycle discussed in chapter 
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6. Let us expand r s around its VEV and get: 



^gaugino — 



+ 



(T.) 

5ts_ 
M P 



X'ia^d.A' + IJ^r-. (A' A' + h.c. 



X'ia»d u X' + 



2 VlnV 

M P (VV + h.c.) 
(V) ln(V) 2 



(C.32) 



We need now to expand also r& around its VEV in the first term of fl0.32[) : 

3 5r b 



VlnV r , 3/2 lnV (V) ln(V) 



2(r 6 ) 



(C.33) 



and canonically normalise the gaugino kinetic terms A' — > A = */ {r s )X'. At the 
end we obtain: 



^gaugino — 



>-»a i ^ (AA + ft.c.) 



5r 



(AA + /i.e.) / £r 5 3 £r b \ .... 
+ 2(V)ln(V) V (r s ) 2 (rj + <t„)M p AWT 

From flC.34j) we can immediately read off the gaugino mass: 



Mi, 



1/2 " (V) ln(V) 
Let us now rewrite (IC34[) as: 



W3/2 



^gaugino — 



1 + 



6t, 



(r s )M f 



Ml /2 

Aia^A + (AA + h.c.) 



In (M P /m 3 / 2 ) 

3 5r b Mi /2 



(C.34) 



(C.35) 



4 (r 6 ) M P 



(AA + h.c.) . 
(C.36) 

We shall now focus only on the third term in flC.361) since the second term does 
not contribute to decay rates. In fact, Feynman amplitudes with on-shell final 
states that satisfy the equations of motion, are vanishing. Using f)9.39p . we finally 
obtain the following dimensionless couplings: 



Ml/2 

MpVV 

M 1/2 

M P 



$AA 
xAA ~ 



1 



V 3 /2 i n v 
1 



$AA, 



VlnV 



XAA. 



(C.37) 
(C.38) 



Couplings to SUSY Scalars 



The form of the un-normalised kinetic and soft mass terms for SUSY scalars 
from the supergravity Lagrangian, reads: 



^-scalars ~ K a pd^C a d^C^ — 



K. 



(VlnV)' 



(C.39) 
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Assuming diagonal Kahler metric for matter fields: 

K a - p = KJ a0 , (C.40) 
the initial Lagrangian flC.391) simplifies to: 

C, calm = K„ (deC&'C* - (vl] [ v) 2 C ° g °) < C - 41 ) 

= - l -k a 

2 ° 



C a □ + * )C a + C a [D + ? C c 

(VlnV)V V (VlnV) 2 



We note that (IC.42I) is similar to the Higgs Lagrangian (|C.25p . This is not 
surprising since for temperatures T > M EW , the Higgs behaves effectively as a 
SUSY scalar with mass of the order the scalar soft mass: m# ~ m . Thus we 
can read off immediately the dimensionful moduli couplings to the canonically 
normalised SUSY scalars ip from (1C.28I) and (1C.29j) : 

£ - ~ (A) ^ ~ MM (a42) 

£ * ~ (S) ~ (WM x '^' (a43) 



Couplings to Higgsinos 



The relevant part of the supergravity Lagrangian involving the Higgsino 
kinetic terms and their supersymmetric masses looks like: 



C 



Higgsino 



~ K= - 

— ^HH 



HJa^d^ + Hdia^d^Hd + jl H u H d + h.c 



(C.44) 



After diagonalising the supersymmetric Higgsino mass term, we end up with a 
usual Lagrangian of the form: 



C 



Higgsino 



— ly HH 



Hia^d^H + fi (HH + h.c. 



(C.45) 



where H denotes collectively both the Higgsino mass eigenstates, which are the 
result of a mixing between the up and down gauge eigenstates. We recall also 
that since we are focusing on temperatures above the EWSB scale, we do not 
have to deal with any mixing between Higgsinos and gauginos to give neutralinos 
and charginos. Expanding the Kahler metric (1C.4I) and the //-term (IC.21I) . we 
obtain: 



C 



Higgsino 



r . . 1 St. 
K 1 + r 



Sn 

3 (t s ) (n) 



HvTdJl + 



1 _3 5r b 



HH + h.c. 
(C.46) 
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where Kq = (t s ) 1 / 3 (V) 2//3 and the physical Higgsino mass is of the same order 
of magnitude of the soft SUSY masses: 



m 



" (V) ln(V) 



Mi/a. (C47) 



Now canonically normalising the scalar kinetic terms H — > H c = y/K^H, we end 
up with: 

Cmggsina = U + ^ " [6 e i^H c + ^ (H C H C + h.C^ 

<)Tb mfi (H c H c + h.c) . (C.48) 



4 (n) ' 

Writing everything in terms of $ and Xi from the third term of f1C48[) . we obtain 
the following dimensionless couplings: 

C A*< ~ (S) ~ (vib) < a49 > 

~ Gs^) 444 ~ («) (a50) 

C.1.3 Moduli self couplings 

In this section we shall investigate if moduli reach thermal equilibrium among 
themselves. In order to understand this issue, we need to compute the moduli self 
interactions, which can be obtained by first expanding the moduli fields around 
their VEV: 

n=(T i ) + 6T i , (C.51) 

and then by expanding the potential around the LARGE Volume vacuum as 
follows: 



1 d 2 V 
V = V((r s ),(r b )) + - 



2 dridrj 



1 d 3 V 



T% T * 3! dTidTjdru 



»7;d; jt )T, ■ .... (C.52) 



We then concentrate on the trilinear terms which can be read off from the third 
term of (IC.52I) . We neglect the 0{5rf) terms since the strength of their couplings 
will be subleading with respect to the 0(5rf) terms since one has to take a further 
derivative which produces a suppression factor. Taking the third derivatives and 
then expressing these self-interactions in terms of the canonically normalised 
fields: 

5r b ~ O (V 1/6 ) $ + O (V 2/3 ) x, 
5t s ~ 0(V 1/2 )<S> + 0(l) X , 
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we end up with the following Lagrangian terms at leading order in a large volume 
expansion: 



- ^\ ^x-^ 2 , (C53) 

M P ^ 2 M P 3 



^ yKT^r, ^-^r- (C54) 



APPENDIX C. APPENDIX 



Bibliography 



[1] M. Cicoli, J. P. Conlon and F. Quevedo, "Systematics of String Loop 
Corrections in Type IIB Calabi-Yau Flux Compactifications," JHEP 
0801 (2008) 052 [arXiv: 0708. 1873 [hep-th]]. 

[2] M. Cicoli, J. P. Conlon and F. Quevedo, "General Analysis of LARGE 
Volume Scenarios with String Loop Moduli Stabilisation," JHEP 0810 
(2008) 105 [arXiv:0805.1029 [hep-th]]. 

[3] M. Cicoli, C. P. Burgess and F. Quevedo, "Fibre Inflation: Observable 
Gravity Waves from IIB String Compactifications," JCAP 0903 (2009) 
013 [arXiv:0808.0691 [hep-th]]. 

[4] L. Anguelova, V. Calo and M. Cicoli, "LARGE Volume String 

Compactifications at Finite Temperature," [arXiv:0904.0051 [hep-th]]. 

[5] Particle Data Group Collaboration, S. Eidelman et al, "Review of 
particle physics," Phys. Lett. B592 (2004) I. 

[6] C. M. Will, "The confrontation between general relativity and 
experiment," Living Rev. Rel. 4 (2001) 4 [arXiv:gr-qc/0 103036]. 

[7] L. E. Ibanez, "Recent developments in physics far beyond the standard 
model," [arXiv:hep-ph/9901292]. 

[8] H. P. Nilles, "Phenomenological aspects of supersymmetry," 

[arXiv:hep-ph/95 11313]; S. P. Martin, "A Supersymmetry Primer," 
[arXiv:hep-ph/9709356]. 

[9] D. J. H. Chung et al, "The soft supersymmetry-breaking Lagrangian: 
Theory and applications," Phys. Rept. 407 (2005) 1-203 
[arXiv:hep-ph/03 12378]. 

[10] S. K. Soni and H. A. Weldon, "Analysis of the supersymmetry breaking 
induced by N=l supergravity theories," Phys. Lett. B126 (1983) 215. 



329 



330 



BIBLIOGRAPHY 



[11] G. F. Giudice and R. Rattazzi, "Theories with gauge-mediated 
supersymmetry breaking," Phys. Rept. 322 (1999) 419 
[arXiv:hep-ph/9801271]. 

[12] L. Randall and R. Sundrum, "Out of this world supersymmetry 

breaking," Nucl. Phys. B557 (1999) 79-118 [arXiv:hep-th/9810155]; 
G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, "Gaugino 
Mass without Singlets," JHEP 9812 (1998) 027 [arXiv:hep-ph/9810442]. 

[13] G. G. Ross, "Grand unified theories," Reading, Usa: 

Benjamin/ Cummings (1984) 497 p. (Frontiers in Physics 60). 

[14] H. P. Nilles, "Supersymmetry, supergravity and particle physics," Phys. 
Rept. 110:1, 1984; D. G. Cerdeno, C. Munoz, "An introduction to 
supergravity," JHEP PDF conference proceedings server (at 
http://jhep.sissa.it), Sep 1998. 

[15] T. Kaluza, "On the problem of unity in physics," Sitzungsber. Preuss. 
Akad. Wiss. Berlin (Math. Phys.) 1921 (1921) 966-972. 

[16] O. Klein, "Quantum theory and five-dimensional theory of relativity," Z. 
Phys. 37 (1926) 895-906. 

[17] E. Witten, "Fermion Quantum Numbers in Kaluza-Klein Theory," 
Published in Shelter Island II 1983:227 

[18] K. Akama, "An Early Proposal Of Brane World," Lect. Notes Phys. 176 
(1982) 267 [arXiv:hep-th/0001113]; V. A. Rubakov and 
M. E. Shaposhnikov, "Do We Live Inside A Domain Wall?," Phys. Lett. B 
125 (1983) 136; M. Visser, "An Exotic Class Of Kaluza-Klein Models," 
Phys. Lett. B 159 (1985) 22 [arXiv:hep-th/9910093]; G. W. Gibbons and 
D. L. Wiltshire, "Space-Time As A Membrane In Higher Dimensions," 
Nucl. Phys. B 287 (1987) 717 [arXiv:hep-th/0109093]. 

[19] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, "The hierarchy 

problem and new dimensions at a millimiter," Phys. Lett. B429: 263-272 
(1998) [arXiv:hep-ph/9803315]; I. Antoniadis, N. Arkani-Hamed, S. 
Dimopoulos and G. R. Dvali, "New dimensions at a millimiter to a fermi 
and superstrings at a TeV," Phys. Lett. B436: 257-263 (1998) 
[arXiv:hep-ph/9804398] . 

[20] C. D. Hoyle et al, "Sub-millimeter tests of the gravitational inverse- square 
law," Phys. Rev. D70 (2004) 042004 [arXiv:hep-ph/0405262]. 

[21] L. Randall and R. Sundrum, "A large mass hierarchy from a small extra 
dimension," Phys. Rev. Lett. 83 (1999) 3370-3373 
[arXiv:hep-ph/9905221]. 



BIBLIOGRAPHY 



331 



[22] L. Randall and R. Sundrum, "An alternative to compactification," Phys. 
Rev. Lett. 83 (1999) 4690-4693 [arXiv:hep-th/9906064]. 

[23] A. Linde, "Particle Physics and Inflationary Cosmology," Harwood 
Academic Publishers (1990); E. W. Kolb and M. S. Turner, The Early 
Universe, Addison- Wesley (1990); P. J. Peebles, "Principles Of Physical 
Cosmology," Princeton, USA: Univ. Pr. (1993); R. H. Brandenberger, 
"Principles, progress and problems in inflationary cosmology," AAPPS 
Bull. 11 (2001) 20 [arXiv:astro-ph/0208103]; J. Garcia-Bellido, "20+ 
years of inflation," [arXiv:hep-ph/0210050]. 

[24] A. R. Liddle and D. H. Lyth, "Cosmological inflation and large-scale 
structure,". Cambridge, UK: Univ. Pr. (2000) 400 p. 

[25] R. A. Alpher, H. A. Bethe, G. Gamow, "The Origin of Chemical 

Elements," Physical Review 73 (1948), 803; G. Gamow, "The Origin of 
Elements and the Separation of Galaxies," Physical Review 74 (1948), 
505. 

[26] P. de Bernardis et ai, "A flat Universe from high-resolution maps of the 
cosmic microwave background radiation," Nature, 404, 955-959, 2000 
[arXiv:astro-ph/0004404]. 

[27] S. Hanany et ai, "MAXIMA-1: A Measurement of the Cosmic Microwave 
Background Anisotropy on angular scales of 10 arcminutes to 5 degrees," 
Astrophys. J. 545 (2000) L5 [arXiv:astro-ph/0005123]. 

[28] D. N. Spergel et al. [WMAP Collaboration], "First Year Wilkinson 

Microwave Anisotropy Probe (WMAP) Observations: Determination of 
Cosmological Parameters," Astrophys. J. Suppl. 148, 175 (2003) 
[arXiv:astro-ph/0302209]; H. V. Peiris et al, "First year Wilkinson 
Microwave Anisotropy Probe (WMAP) observations: Implications for 
inflation," Astrophys. J. Suppl. 148, 213 (2003) [arXiv:astro-ph/0302225]; 
D. N. Spergel et al., "Wilkinson Microwave Anisotropy Probe (WMAP) 
three year results: Implications for cosmology," [arXiv:astro-ph/0603449]. 

[29] A. D. Sakharov, Violation of CP Invariance, C Asymmetry, and Baryon 
Asymmetry of the Universe, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967) 
[JETP Lett. 5, 24 (1967 SOPUA,34,392- 393.1991 
UFNAA,161,61-64.1991)]. 

[30] D. N. Schramm and M. S. Turner, "Big-bang nucleosynthesis enters the 
precision era," Rev. Mod. Phys. 70 (1998) 303 [arXiv:astro-ph/9706069]; 
S. Buries, K. M. Nollett, J. N. Truran and M. S. Turner, "Sharpening the 
predictions of big-bang nucleosynthesis," Phys. Rev. Lett. 82 (1999) 4176 
[arXiv:astro-ph/9901157]. 



332 BIBLIOGRAPHY 

[31] J. M. Frere, F. S. Ling and G. Vertongen, "Bound on the Dark Matter 
Density in the Solar System from Planetary Motions," Phys. Rev. D 77 
(2008) 083005 [arXiv:astro-ph/0701542]. 

[32] A. J. Conley et al. [Supernova Cosmology Project Collaboration], 

"Measurement of Q m , f2 A from a blind analysis of Type la supernovae 
with CMAGIC: Using color information to verify the acceleration of the 
Universe," Astrophys. J. 644 (2006) 1 [arXiv:astro-ph/0602411]. 

[33] A. H. Guth, "The Inflationary Universe: A Possible Solution To The 
Horizon And Flatness Problems," Phys. Rev. D23 (1981) 347; 
A. D. Linde, "A New Inflationary Universe Scenario: A Possible Solution 
Of The Horizon, Flatness, Homogeneity, Isotropy And Primordial 
Monopole Problems," Phys. Lett. B108 (1982) 389; 

A. Albrecht and P. J. Steinhardt, "Cosmology For Grand Unified Theories 
With Radiatively Induced Symmetry Breaking," Phys. Rev. Lett. 48 
(1982) 1220. 

[34] V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, "Theory Of 
Cosmological Perturbations. Part I. Classical Perturbations. Part 2. 
Quantum Theory Of Perturbations. Part 3. Extensions," Phys. Rept. 215 
(1992) 203. 

[35] G. Veneziano, "Scale factor duality for classical and quantum strings," 
Phys. Lett. B 265 (1991) 287; K. A. Meissner and G. Veneziano, 
"Symmetries of cosmological superstring vacua," Phys. Lett. B 267 
(1991) 33; M. Gasperini and G. Veneziano, "Pre - big bang in string 
cosmology," Astropart. Phys. 1 (1993) 317 [arXiv:hep-th/9211021]; 
R. Brustein and G. Veneziano, "The Graceful exit problem in string 
cosmology," Phys. Lett. B 329 (1994) 429 [arXiv:hep-th/9403060]. 

[36] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, "The ekpyrotic 
universe: Colliding branes and the origin of the hot big bang," Phys. Rev. 
D 64 (2001) 123522 [arXiv:hep-th/0103239]; R. Kallosh, L. Kofman and 
A. D. Linde, "Pyrotechnic universe," Phys. Rev. D 64 (2001) 123523 
[arXiv:hep-th/0104073]. 

[37] J. Scherk and J. H. Schwarz, "Dual models for non-hadrons," Nucl. Phys. 
B81 (1974) 118-144. 

[38] M. B. Green and J. H. Schwarz, "Anomaly Cancellation in 

Supersymmetric D=10 Gauge Theory and Superstring Theory," Phys. 
Lett. B149 (1984) 117-122. 

[39] M. B. Green, J. H. Schwarz, and E. Witten, "Superstring Theory. Vol. 1: 
Introduction, Vol. 2: Loop Amplitudes, Anomalies and Phenomenology". 



BIBLIOGRAPHY 



333 



Cambridge, Uk: Univ. Pr. (1987) 469 P. (Cambridge Monographs On 
Mathematical Physics). 

[40] J. Polchinski, "String theory. Vol. 1: An introduction to the bosonic 

string, Vol. 2: Superstring Theory and Beyond," . Cambridge, UK: Univ. 
Pr. (1998) 402 p. 

[41] P. Candelas, M. Lynker, and R. Schimmrigk, "Calabi-Yau manifods in 
weighted P(4)," Nucl. Phys. B341 (1990) 383-402. 

[42] B. R. Greene and M. R. Plesser, "Duality in Calabi-Yau Moduli Space," 
Nucl. Phys. B338 (1990) 15-37. 

[43] A. Strominger and C. Vafa, "Microscopic Origin of the 

Bekenstein-Hawking Entropy," Phys. Lett. B379 (1996) 99-104 
[arXiv:hep-th/9601029]. 

[44] E. Witten, "Phases of N = 2 theories in two dimensions," Nucl. Phys. 
B403 (1993) 159-222 [arXiv:hep-th/9301042]. 

[45] P. S. Aspinwall, B. R. Greene, and D. R. Morrison, "Multiple mirror 

manifolds and topology change in string theory," Phys. Lett. B303 (1993) 
249-259 [arXiv:hep-th/9301043]. 

[46] A. Strominger, "Massless black holes and conifolds in string theory," 
Nucl. Phys. B451 (1995) 96-108 [arXiv:hep-th/9504090]. 

[47] B. R. Greene, D. R. Morrison, and A. Strominger, "Black hole 

condensation and the unification of string vacua," Nucl. Phys. B451 

(1995) 109-120 [arXiv:hep-th/9504145]. 

[48] J. M. Maldacena, "The large N limit of superconformal field theories and 
supergravity," Adv. Theor. Math. Phys. 2 (1998) 231-252 
[arXiv:hep-th/9711200]. 

[49] K. A. Intriligator and N. Seiberg, "Lectures on supersymmetric gauge 
theories and electric-magnetic duality," Nucl. Phys. Proc. Suppl. 45BC 

(1996) 1 [arXiv:hep-th/9509066]. 

[50] N. Seiberg and E. Witten, "Monopole Condensation, And Confinement In 
N=2 Supersymmetric Yang-Mills Theory," Nucl. Phys. B 426 (1994) 19 
[Erratum-ibid. B 430 (1994) 485] [arXiv:hep-th/9407087]; N. Seiberg and 
E. Witten, "Monopoles, duality and chiral symmetry breaking in N=2 
supersymmetric QCD," Nucl. Phys. B 431 (1994) 484 
[arXiv:hep-th/9408099]. 



334 BIBLIOGRAPHY 

[51] L. Alvarez-Gaume and S. F. Hassan, Fortsch. Phys. 45 (1997) 159 
[arXiv:hep-th/9701069]. 

[52] J. Polchinski, "Dirichlet-Branes and Ramond-Ramond Charges," Phys. 
Rev. Lett. 75 (1995) 4724-4727 [arXiv:hep-th/9510017]. 

[53] E. Witten, "Some comments on string dynamics," [arXiv:hep-th/9507121]. 

[54] J. H. Schwarz, "Lectures on superstring and M theory dualities," Nucl. 
Phys. Proc. Suppl. 55B (1997) 1 [arXiv:hep-th/9607201]; C. Vafa, 
"Lectures on strings and dualities," [arXiv:hep-th/9702201]. 

[55] T. Banks, W. Fischler, S. H. Shenker and L. Susskind, "M theory as a 
matrix model: A conjecture," Phys. Rev. D 55 (1997) 5112 
[arXiv:hep-th/96 10043]. 

[56] A. Bilal, "M(atrix) theory: A pedagogical introduction," Fortsch. Phys. 
47 (1999) 5 [arXiv:hep-th/9710136]; T. Banks, "Matrix theory," Nucl. 
Phys. Proc. Suppl. 67 (1998) 180 [arXiv:hep-th/9710231]. 

[57] B. R. Greene, "String theory on Calabi-Yau manifolds," 
[arXiv:hep-th/9702155]. 

[58] T. Hubsch, "Calabi-Yau manifolds: A Bestiary for physicists," . Singapore, 
Singapore: World Scientific (1992) 362 p. 

[59] T. Banks, M. Dine, and E. Gorbatov, "Is there a string theory 
landscape?," JEEP 08 (2004) 058 [arXiv:hep-th/0309170]. 

[60] A. N. Schellekens, "The landscape 'avant la lettre'," 
[arXiv:physics/0604134]. 

[61] L. Susskind, "The anthropic landscape of string theory," 
[arXiv:hep-th/0302219]. 

[62] M. R. Douglas, "The statistics of string / M theory vacua," JEEP 05 
(2003) 046 [arXiv:hep-th/0303194]. 

[63] G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby and G. G. Ross, 

"Cosmological Problems For The Polonyi Potential," Phys. Lett. B 131, 
59 (1983); J. R. Ellis, D. V. Nanopoulos and M. Quiros, Phys. Lett. B 
174, 176 (1986). M. Y. Khlopov and A. D. Linde, "Is It Easy To Save 
The Gravitino?," Phys. Lett. B 138 (1984) 265. M. Y. Khlopov, 
"Cosmoparticle physics,", Singapore, Singapore: World Scientific (1999). 

[64] T. Banks, D. B. Kaplan and A. E. Nelson, Phys. Rev. D 49, 779 (1994) 
[arXiv:hep-ph/9308292]. 



BIBLIOGRAPHY 



335 



[65] B. de Carlos, J. A. Casas, F. Quevedo and E. Roulet, "Model independent 
properties and cosmological implications of the dilaton and moduli sectors 
of 4-d strings," Phys. Lett. B 318, 447 (1993) [arXiv:hep-ph/9308325]. 

[66] R. Donagi, Y.-H. He, B. A. Ovrut, and R. Reinbacher, "The particle 
spectrum of heterotic compactifications," JEEP 12 (2004) 054 
[arXiv:hep-th/0405014]. 

[67] B. Greene, K. Kirklin, P. Miron and G. Ross, "A three-generation 
superstring model," Nucl. Phys. B278 (1986) 667 

[68] J. P. Derendinger, L. E. Ibanez, and H. P. Nilles, "On the low-energy d = 
4, N=l supergravity theory extracted from the d = 10, N=l superstring," 
Phys. Lett. B155 (1985) 65. 

[69] M. Dine, R. Rohm, N. Seiberg, and E. Witten, "Gluino condensation in 
superstring models," Phys. Lett. B156 (1985) 55. 

[70] C. P. Burgess, J. P. Derendinger, F. Quevedo, and M. Quiros, "On 
gaugino condensation with field-dependent gauge couplings," Annals 
Phys. 250 (1996) 193-233 [arXiv:hep-th/9505171]. 

[71] S. Gukov, S. Kachru, X. Liu, and L. McAllister, "Heterotic moduli 

stabilization with fractional Chern-Simons invariants," Phys. Rev. D69 
(2004) 086008 [arXiv:hep-th/0310159]. 

[72] M. Cvetic and P. Langacker, "New gauge bosons from string models," 
Mod. Phys. Lett. A 11 (1996) 1247 [arXiv:hep-ph/9602424]. 

[73] B. de Wit, D. J. Smit and N. D. Hari Dass, "Residual Supersymmetry of 
Compactified D=10 Supergravity," Nucl. Phys. B283 (1987) 165. 

[74] C. Angelantonj and A. Sagnotti, "Open strings," Phys. Rept. 371 (2002) 
1-150, [arXiv:hep-th/0204089]. 

[75] R. Blumenhagen, M. Cvetic, P. Langacker, and G. Shiu, "Toward realistic 
intersecting D-brane models," [arXiv:hep-th/0502005]. 

[76] S. B. Giddings, S. Kachru, and J. Polchinski, "Hierarchies from fluxes in 
string compactifications," Phys. Rev. D66 (2002) 106006, 
[arXiv:hep-th/0105097]. 



[77] G. R. Dvali and S. H. H. Tye, "Brane inflation," Phys. Lett. B 450 (1999) 
72 [arXiv:hep-ph/9812483]. 



336 BIBLIOGRAPHY 

[78] C. P. Burgess, M. Majumdar, D. Nolte, F. Quevedo, G. Rajesh and 
R. J. Zhang, "The inflationary brane-antibrane universe," JHEP 0107 
(2001) 047 [arXiv:hep-th/0105204]; G. R. Dvali, Q. Shafi and S. Solganik, 
"D-brane inflation," [arXiv:hep-th/0105203]; C. Herdeiro, S. Hirano and 
R. Kallosh, "String theory and hybrid inflation / acceleration," JHEP 
0112 (2001) 027 [arXiv:hep-th/0110271]; C. P. Burgess, P. Martineau, 
F. Quevedo, G. Rajesh, and R. J. Zhang, "Brane antibrane inflation in 
orbifold and orientifold models," JHEP 03 (2002) 052 
[arXiv:hep-th/0111025]; S. Kachru et al, "Towards inflation in string 
theory," JCAP 0310 (2003) 013 [arXiv:hep-th/0308055]; H. Firouzjahi 
and S. H. H. Tye, "Closer towards inflation in string theory," Phys. Lett. 
B584 (2004) 147-154 [arXiv:hep-th/0312020]; N. Iizuka and S. P. Trivedi, 
"An inflationary model in string theory," Phys. Rev. D70 (2004) 043519 
[arXiv:hep-th/0403203]; C. P. Burgess, J. M. Cline, H. Stoica, and 
F. Quevedo, "Inflation in realistic D-brane models," JHEP 09 (2004) 033 
[arXiv:hep-th/0403119]. 

[79] R. Blumenhagen, V. Braun, T. W. Grimm and T. Weigand, "GUTs in 
Type IIB Orientifold Compactifications," [arXiv:0811.2936 [hep-th]]. 

[80] H. Verlinde and M. Wijnholt, "Building the standard model on a 
D3-brane," [arXiv:hep-th/0508089]. 

[81] G. Aldazabal, L. E. Ibanez, F. Quevedo, and A. M. Uranga, "D-branes at 
singularities: A bottom-up approach to the string embedding of the 
standard model," JHEP 08 (2000) 002, [arXiv:hep-th/0005067]. 

[82] G. Aldazabal, L. E. Ibanez, and F. Quevedo, "A D-brane alternative to 
the MSSM," JHEP 02 (2000) 015, [arXiv:hep-ph/0001083]. 

[83] J. P. Conlon, A. Maharana and F. Quevedo, "Towards Realistic String 
Vacua," [arXiv:0810.5660 [hep-th]]. 

[84] B. S. Acharya and E. Witten, "Chiral fermions from manifolds of G(2) 
holonomy," [arXiv:hep-th/0109152]. 

[85] R. D. Peccei and H. R. Quinn, "Constraints imposed by CP conservation 
in the presence of instantons," Phys. Rev. D16 (1977) 1791-1797. 

[86] R. D. Peccei and H. R. Quinn, "CP conservation in the presence of 
instantons," Phys. Rev. Lett. 38 (1977) 1440-1443. 

[87] V. Balasubramanian, P. Berglund, J. P. Conlon, and F. Quevedo, 
"Systematics of moduli stabilisation in Calabi-Yau flux 
compactifications," JHEP 03 (2005) 007, [arXiv:hep-th/0502058]. 



BIBLIOGRAPHY 



337 



[88] J. P. Conlon, F. Quevedo, and K. Suruliz, "Large-volume flux 

compactifications: Moduli spectrum and D3/D7 soft supersymmetry 
breaking," [arXiv:hep-th/0505076]. 

[89] J. P. Conlon, "Gauge Threshold Corrections for Local String Models," 
JHEP 0904 (2009) 059 [arXiv:090 1.4350 [hep-th]]. 

[90] C. P. Burgess, L. E. Ibanez, and F. Quevedo, "Strings at the intermediate 
scale or is the Fermi scale dual to the Planck scale?," Phys. Lett. B447 
(1999) 257-265, [arXiv:hep-ph/98 10535]. 

[91] J. -P. Derendinger, C. Kounnas, P. M. Petropoulos and F. Zwirner, 

"Superpotentials in IIA Compactifications with General Fluxes," Nucl. 
Phys. B715, (2005) 211 [arXiv:hep-th/0411276]; G. Villadoro and F. 
Zwirner, 11 N = 1 Effective Potential from Dual Type-IIA D6/06 
Orientifolds with General Fluxes," JHEP 0506 (2005) 047 
[arXiv:hep-th/0503169]; O. DeWolfe, A. Giryavets, S. Kachru and W. 
Taylor, "Type IIA Moduli Stabilization," JHEP 0507 (2005) 066 
[arXiv:hep-th/0505160]. 

[92] K. Dasgupta, G. Rajesh and S. Sethi, "M Theory, Orientifolds and 
G-Flux," JHEP 9908 (1999) 023 [arXiv:hep-th/9908088]. 

[93] S. Ashok and M. R. Douglas, "Counting flux vacua," JHEP 01 (2004) 
060, [arXiv:hep-th/0307049]. 

[94] M. R. Douglas, "Statistics of string vacua," [arXiv:hep-ph/0401004]. 

[95] F. Denef and M. R. Douglas, "Distributions of flux vacua," JHEP 05 
(2004) 072, [arXiv:hep-th/0404116]. 

[96] F. Denef and M. R. Douglas, "Distributions of nonsupersymmetric flux 
vacua," JHEP 03 (2005) 061, [arXiv:hep-th/0411183]. 

[97] E. Cremmer, S. Ferrara, C. Kounnas and D.V. Nanopoulos, "Naturally 
vanishing cosmological constant in N=l supergravity," Phys. Lett. B 133 
(1983), p. 61. 

[98] E. Witten, "Dimensional Reduction Of Superstring Models," Phys. Lett. 
B 155, 151 (1985); C. P. Burgess, A. Font and F. Quevedo, "Low-Energy 
Effective Action For The Superstring," Nucl. Phys. B 272, 661 (1986); 
S. P. de Alwis, "On integrating out heavy fields in SUSY theories," Phys. 
Lett. B 628 (2005) 183 [arXiv:hep-th/0506267]; A. Achucarro, 
S. Hardeman and K. Sousa, "Consistent Decoupling of Heavy Scalars and 
Moduli in N=l Supergravity," [arXiv:0806.4364 [hep-th]]. 



338 BIBLIOGRAPHY 

[99] V. Balasubramanian and P. Berglund, "Stringy corrections to Kaehler 
potentials, SUSY breaking, and the cosmological constant problem," 
JEEP 11 (2004) 085, [arXiv:hep-th/0408054]. 

[100] S. Kachru, R. Kallosh, A. Linde, and S. P. Trivedi, "De Sitter vacua in 
string theory," Phys. Rev. D68 (2003) 046005, [arXiv:hep-th/0301240]. 

[101] M. Berg, M. Haack, and B. Kors, "On volume stabilization by quantum 
corrections," Phys. Rev. Lett. 96 (2006) 021601, [arXiv:hep-th/0508171]. 

[102] G. von Gersdorff and A. Hebecker, "Kaehler corrections for the volume 
modulus of flux compactifications," [arXiv:hep-th/0507131]. 

[103] S. L. Parameswaran and A. Westphal, "de Sitter String Vacua from 

Perturbative Kahler Corrections and Consistent D-terms", JHEP 0610 
(2006) 079 [arXiv:hep-th/0602253]. 

[104] K. Becker, M. Becker, M. Haack, and J. Louis, "Supersymmetry breaking 
and alpha'-corrections to flux induced potentials," JEEP 06 (2002) 060, 
[arXiv:hep-th/0204254]. 

[105] M. Berg, M. Haack, and B. Kors, "String loop corrections to Kaehler 

potentials in orientifolds," JEEP 11 (2005) 030, [arXiv:hep-th/0508043]. 

[106] M. Berg, M. Haack and E. Pajer, "Jumping Through Loops: On Soft 
Terms from Large Volume Compactifications," JHEP 0709 (2007) 031 
[arXiv:0704.0737 [hep-th]]. 

[107] A. Misra and P. Shukla, "Area Codes, Large Volume (Non-) Perturbative 
alpha'- and Instanton - Corrected Non-supersymmetric (A)dS minimum, 
the Inverse Problem and Fake Superpotentials for 

Multiple-Singular-Loci-Two- Parameter Calabi-Yau's," [arXiv:0707.0105 
[hep-th]]. 

[108] J. P. Conlon, "The QCD axion and moduli stabilisation," 
[arXiv:hep-th/0602233]. 

[109] J. P. Conlon and D. Cremades, Phys. Rev. Lett. 99 (2007) 041803 
[arXiv:hep-ph/0611144]. 

[110] J. P. Conlon, S. S. Abdussalam, F. Quevedo and K. Suruliz, "Soft SUSY 
breaking terms for chiral matter in IIB string compactifications," JHEP 
0701 (2007) 032 [arXiv:hep-th/0610129]. 

[Ill] J. P. Conlon, "Mirror Mediation," [arXiv:0710.0873 [hep-th]]. 



BIBLIOGRAPHY 



339 



[112] J. P. Conlon, C. H. Kom, K. Suruliz, B. C. Allanach and F. Quevedo, 
"Sparticle Spectra and LHC Signatures for Large Volume String 
Compactifications," JHEP 0708 (2007) 061 [arXiv:0704.3403 [hep-ph]]. 

[113] J. P. Conlon and F. Quevedo, "Astrophysical and Cosmological 

Implications of Large Volume String Compactifications," JCAP 0708 

(2007) 019 [arXiv:0705.3460 [hep-ph]]. 

[114] J. P. Conlon, R. Kallosh, A. Linde and F. Quevedo, "Volume Modulus 
Inflation and the Gravitino Mass Problem," [arXiv:0806.0809 [hep-th]]. 

[115] D. H. Lyth and D. Wands, "Generating the curvature perturbation 

without an inflaton," Phys. Lett. B 524 (2002) 5 [arXiv:hep-ph/0110002]. 

[116] K. Ichikawa, T. Suyama, T. Takahashi and M. Yamaguchi, 

"Non-Gaussianity, Spectral Index and Tensor Modes in Mixed Inflaton 
and Curvaton Models," Phys. Rev. D 78 (2008) 023513 [arXiv:0802.4138 
[astro-ph]]. 

[117] B. S. Acharya, P. Kumar, K. Bobkov, G. Kane, J. Shao and S. Watson, 
"Non-thermal Dark Matter and the Moduli Problem in String 
Frameworks," JHEP 0806 (2008) 064 [arXiv:0804.0863 [hep-ph]]. 

[118] J. J. Heckman, A. Tavanfar and C. Vafa, "Cosmology of F-theory GUTs," 
[arXiv:0812.3155 [hep-th]]. 

[119] D. H. Lyth and E. D. Stewart, "Cosmology With A Tev Mass GUT 
Higgs," Phys. Rev. Lett. 75 (1995) 201 [arXiv:hep-ph/9502417]; 
D. H. Lyth and E. D. Stewart, "Thermal Inflation And The Moduli 
Problem," Phys. Rev. D 53 (1996) 1784 [arXiv:hep-ph/95 10204]. 

[120] R. Blumenhagen, S. Moster and E. Plauschinn, "Moduli Stabilisation 
versus Chirality for MSSM like Type IIB Orientifolds," JHEP 0801 

(2008) 058 [arXiv:0711.3389 [hep-th]]. 

[121] K. Choi, A. Falkowski, H. P. Nilles, M. Olechowski, and S. Pokorski, 
"Stability of flux compactifications and the pattern of supersymmetry 
breaking," JHEP 11 (2004) 076, [arXiv:hep-th/0411066]. 

[122] K. Choi, "Moduli stabilization and the pattern of soft SUSY breaking 
terms," [arXiv:hep-ph/0511162]. 

[123] O. Loaiza-Brito, J. Martin, H. P. Nilles, and M. Ratz, 

"log(M(Pl/m(3/2)))," MP Conf. Proc. 805 (2006) 198-204 
[arXiv:hep-th/0509158]. 



340 BIBLIOGRAPHY 

[124] J. P. Conlon and F. Quevedo, "Gaugino and scalar masses in the 
landscape," JHEP 0606 (2006) 029 [arXiv:hep-th/0605141]. 

[125] T. W. Grimm and J. Louis, "The effective action of N = 1 Calabi-Yau 
orientifolds," Nucl. Phys. B699 (2004) 387-426 [arXiv:hep-th/0403067]. 

[126] H. Jockers and J. Louis, "The effective action of D7-branes in N = 1 
Calabi-Yau orientifolds," Nucl. Phys. B705 (2005) 167-211, 
[arXiv:hep-th/0409098]. 

[127] M. Grana, T. W. Grimm, H. Jockers, and J. Louis, "Soft supersymmetry 
breaking in Calabi-Yau orientifolds with D-branes and fluxes," Nucl. 
Phys. B690 (2004) 21-61, [arXiv:hep-th/03 12232]. 

[128] H. Jockers and J. Louis, "D-terms and F-terms from D7-brane fluxes," 
Nucl. Phys. B718 (2005) 203-246, [arXiv:hep-th/0502059]. 

[129] P. Candelas, G. T. Horowitz, A. Strominger, and E. Witten, "Vacuum 
configurations for superstrings," Nucl. Phys. B258 (1985) 46-74. 

[130] P. Candelas and X. de la Ossa, "Moduli space of Calabi-Yau manifolds," 
Nucl. Phys. B355 (1991) 455-481. 

[131] E. Silverstein, "TASI / PiTP / ISS lectures on moduli and microphysics," 
[arXiv:hep-th/0405068]. 

[132] M. Grana, "Flux compactifications in string theory: A comprehensive 
review," Phys. Rept. 423 (2006) 91-158 [arXiv:hep-th/0509003]. 

[133] M. R. Douglas and S. Kachru, "Flux compactification" , Rev. Mod. Phys. 
79 (2007) 733 [arXiv:hep-th/0610102]; F. Denef, M. R. Douglas and 
S. Kachru, "Physics of string flux compactifications," 
[arXiv:hep-th/0701050]. 

[134] R. Blumenhagen, B. Kors, D. Lust and S. Stieberger, "Four-dimensional 
String Compactifications with D-Branes, Orientifolds and Fluxes" , Phys. 
Rept. 445 (2007) 1 [arXiv:hep-th/06 10327]. 

[135] L. J. Dixon, V. Kaplunovsky, and J. Louis, "On effective field theories 
describing (2, 2) vacua of the heterotic string," Nucl. Phys. B 329, 27 
(1990). 

[136] D. Lust, P. Mayr, R. Richter and S. Stieberger, "Scattering of gauge, 
matter, and moduli fields from intersecting branes," Nucl. Phys. B 696 
(2004) 205 [arXiv:hep-th/0404134]. 



BIBLIOGRAPHY 



341 



[137] A. Strominger, "Yukawa Couplings in Superstring Compactification," 
Phys. Rev. Lett. 55, 2547. (1985) 

[138] P. Candelas and X. de la Ossa, "Moduli space of Calabi-Yau manifolds," 
Nucl. Phys. B 355, 455 (1991). 

[139] J. Michelson, "Compactifications of type IIB strings to four dimensions 
with non-trivial classical potential," Nucl. Phys. B 495 (1997) 127 
[arXiv:hep-th/9610151]. 

[140] G. Dall'Agata, "Type IIB supergravity compactified on a Calabi-Yau 

manifold with H-fluxes," JHEP 0111 (2001) 005 [arXiv:hep-th/0107264]. 

[141] J. Louis and A. Micu, "Type II theories compactified on Calabi-Yau 
threefolds in the presence of background fluxes," Nucl. Phys. B 635 
(2002) 395 [arXiv:hep-th/0202168]. 

[142] J. Wess and J. Bagger, "Supersymmetry and supergravity,". Princeton, 
USA: Univ. Pr. (1992) 259 p. 

[143] B. S. Acharya, M. Aganagic, K. Hori and C. Vafa, "Orientifolds, mirror 
symmetry and superpotentials," [arXiv:hep-th/0202208]. 

[144] I. Brunner and K. Hori, "Orientifolds and mirror symmetry," JHEP 0411 
(2004) 005 [arXiv:hep-th/0303135]. 

[145] P. Binetruy, G. Girardi and R. Grimm, "Supergravity couplings: a 
geometric formulation," Phys. Rept. 343 (2001) 255 
[arXiv:hep-th/0005225]. 

[146] A. Giryavets, S. Kachru, P. K. Tripathy, and S. P. Trivedi, "Flux 
compactifications on Calabi-Yau threefolds," JHEP 04 (2004) 003, 
[arXiv:hep-th/0312104]. 

[147] T. R. Taylor and C. Vafa, "RR flux on Calabi-Yau and partial 
supersymmetry breaking," Phys. Lett. B 474 (2000) 130 
[arXiv:hep-th/9912152]. 

[148] S. Gukov, C. Vafa, and E. Witten, "CFT's from Calabi-Yau four-folds," 
Nucl. Phys. B584 (2000) 69-108, [arXiv:hep-th/9906070]. 

[149] O. DeWolfe and S. B. Giddings, "Scales and hierarchies in warped 
compactifications and brane worlds," Phys. Rev. D67 (2003) 066008, 
[arXiv:hep-th/0208123]. 

[150] J. F. G. Cascales, M. P. Garcia del Moral, F. Quevedo, and A. M. 

Uranga, "Realistic D-brane models on warped throats: Fluxes, hierarchies 
and moduli stabilization," JHEP 02 (2004) 031 [arXiv:hep-th/0312051]. 



342 BIBLIOGRAPHY 

[151] P. G. Camara, L. E. Ibanez, and A. M. Uranga, "Flux-induced 
SUSY-breaking soft terms," Nucl. Phys. B689 (2004) 195-242 
[arXiv:hep-th/0311241]. 

[152] P. G. Camara, L. E. Ibanez, and A. M. Uranga, "Flux-induced 

SUSY-breaking soft terms on D7-D3 brane systems," Nucl. Phys. B708 
(2005) 268-316, [arXiv:hep-th/0408036]. 

[153] F. Denef, "Les Houches Lectures on Constructing String Vacua," 
[arXiv:0803.1194 [hep-th]]. 

[154] R. C. Myers, "Dielectric-branes," JHEP 9912 (1999) 022 
[arXiv:hep-th/99 10053]. 

[155] D. Lust, S. Reffert, and S. Stieberger, "Flux-induced soft supersymmetry 
breaking in chiral type lib orientifolds with D3/D7-branes," Nucl. Phys. 
B706 (2005) 3-52 [arXiv:hep-th/0406092]. 

[156] M. Dine and N. Seiberg, "Nonrenormalization Theorems in Superstring 
Theory", Phys. Rev. Lett. 57 (1986) 2625; C. P. Burgess, C. Escoda and 
F. Quevedo, "Nonrenormalization of flux superpotentials in string 
theory", JHEP 0606 (2006) 044 [arXiv:hep-th/0510213]; K. Becker, 
M. Becker, C. Vafa and J. Walcher, "Moduli stabilization in non-geometric 
backgrounds", Nucl. Phys. B 770 (2007) 1 [arXiv:hep-th/0611001]. 

[157] A. M. Uranga, "D-brane instantons and the effective field theory of flux 
compactifications," JHEP 0901 (2009) 048 [arXiv:0808.2918 [hep-th]]. 

[158] L. Gorlich, S. Kachru, P. K. Tripathy, and S. P. Trivedi, "Gaugino 
condensation and nonperturbative superpotentials in flux 
compactifications," [arXiv:hep-th/0407130] . 

[159] V. Kaplunovsky and J. Louis, "Field dependent gauge couplings in locally 
supersymmetric effective quantum field theories" , Nucl. Phys. B 422 
(1994) 57 [arXiv:hep-th/9402005]. 

[160] M. B. Green and S. Sethi, "Supersymmetry constraints on type IIB 
supergravity," Phys. Rev. D59 (1999) 046006 [arXiv:hep-th/9808061]. 

[161] C. P. Burgess, R. Kallosh, and F. Quevedo, "de Sitter string vacua from 
supersymmetric D-terms," JHEP 10 (2003) 056 [arXiv:hep-th/0309187]. 

[162] A. Saltman and E. Silverstein, "The scaling of the no-scale potential and 
de Sitter model building," JHEP 11 (2004) 066 [arXiv:hep-th/0402135]. 



BIBLIOGRAPHY 



343 



[163] K. Choi, A. Falkowski, H. P. Nilles, M. Olechowski and S. Pokorski, 
"Stability of flux compactifications and the pattern of supersymmetry 
breaking", JHEP 0411 (2004) 076 [arXiv:hep-th/0411066]. 

[164] E. Witten, "Non-Perturbative Superpotentials In String Theory," Nucl. 
Phys. B474 (1996) 343-360, [arXiv:hep-th/9604030]. 

[165] R. Kallosh and D. Sorokin, "Dirac action on M5 and M2 branes with bulk 
fluxes," JHEP 05 (2005) 005, [arXiv:hep-th/0501081]. 

[166] P. K. Tripathy and S. P. Trivedi, "D3 brane action and fermion zero 
modes in presence of background flux," [arXiv:hep-th/0503072]. 

[167] N. Saulina, "Topological constraints on stabilized flux vacua," 
[arXiv:hep-th/0503125]. 

[168] R. Kallosh, A.-K. Kashani-Poor, and A. Tomasiello, "Counting fermionic 
zero modes on M5 with fluxes," [arXiv:hep-th/0503138]. 

[169] P. Candelas, X. C. De La Ossa, P. S. Green, and L. Parkes, "A pair of 

Calabi-Yau manifolds as an exactly soluble superconformal theory," Nucl. 
Phys. B359 (1991) 21-74. 

[170] K. Bobkov, "Volume stabilization via alpha' corrections in type IIB 
theory with fluxes," JHEP 05 (2005) 010 [arXiv:hep-th/0412239]. 

[171] A. Saltman and E. Silverstein, "A new handle on de Sitter 

compactifications", JHEP 0601 (2006) 139 [arXiv:hep-th/0411271]. 

[172] A. Westphal, "de Sitter String Vacua from Kahler Uplifting", JHEP 0703 
(2007) 102 [arXiv:hep-th/0611332]. 

[173] E. Palti, G. Tasinato and J. Ward, "WEAKLY-coupled IIA Flux 
Compactifications," [arXiv:0804.1248 [hep-th]]. 

[174] P. Candelas, A. Font, S. Katz, and D. R. Morrison, "Mirror symmetry for 
two parameter models. 2," Nucl. Phys. B429 (1994) 626-674 
[arXiv:hep-th/9403187]. 

[175] F. Denef, M. R. Douglas, and B. Florea, "Building a better racetrack," 
JHEP 06 (2004) 034 [arXiv:hep-th/0404257]. 

[176] L. Covi, M. Gomez-Reino, C. Gross, J. Louis, G. A. Palma and 

C. A. Scrucca, "de Sitter vacua in no-scale supergravities and Calabi-Yau 
string models," JHEP 0806 (2008) 057 [arXiv:0804.1073 [hep-th]]. 

[177] A. Collinucci, M. Kreuzer, C. Mayrhofer and N. O. Walliser, 

"Four-modulus 'Swiss Cheese' chiral models," [arXiv:0811.4599 [hep-th]]. 



344 BIBLIOGRAPHY 

[178] P. Candelas, X. De La Ossa, A. Font, S. Katz, and D. R. Morrison, 
"Mirror symmetry for two parameter models. I," Nucl. Phys. B416 
(1994) 481-538 [arXiv:hep-th/9308083]. 

[179] J. P. Conlon, D. Cremades and F. Quevedo, "Kaehler potentials of chiral 
matter fields for Calabi-Yau string compactifications" , JHEP 0701 (2007) 
022 [arXiv:hep-th/0609180]. 

[180] G. Curio and V. Spinner, "On the modified KKLT Procedure: A case 
study for the P(11169)(18) model", [arXiv:hep-th/0606047]. 

[181] S. R. Coleman and E. Weinberg, "Radiative Corrections As The Origin 
Of Spontaneous Symmetry Breaking", Phys. Rev. D 7 (1973) 1888. 

[182] P. Bain and M. Berg, "Effective action of matter fields in four-dimensional 
string orientifolds" , JHEP 0004 (2000) 013 [arXiv:hep-th/0003185]. 

[183] S. Ferrara, C. Kounnas and F. Zwirner, "Mass formulae and natural 

hierarchy in string effective supergravities" , Nucl. Phys. B 429 (1994) 589 
[Erratum-ibid. B 433 (1995) 255] [arXiv:hep-th/9405188]. 

[184] K. Choi, J. E. Kim and H. P. Nilles, "Cosmological constant and soft 
terms in supergravity" , Phys. Rev. Lett. 73 (1994) 1758 
[arXiv:hep-ph/9404311]. 

[185] G. Villadoro and F. Zwirner, "D terms from D-branes, gauge invariance 
and moduli stabilization in flux compactifications," 
[arXiv:hep-th/0602120]. 

[186] L. E. Ibanez, F. Marchesano and R. Rabadan, "Getting just the standard 
model at intersecting branes," JHEP 0111 (2001) 002 
[arXiv:hep-th/0105155]. 

[187] Y. Aghababaie, C. P. Burgess, S. L. Parameswaran and F. Quevedo, 
"Towards a naturally small cosmological constant from branes in 6D 
supergravity," Nucl. Phys. B 680 (2004) 389 [arXiv:hep-th/0304256]; 
C. P. Burgess, "Towards a natural theory of dark energy: Supersymmetric 
large extra dimensions," AIP Conf. Proc. 743 (2005) 417 
[arXiv:hep-th/0411140]. 

[188] J. P. Conlon and F. Quevedo, "Kaehler moduli inflation," JHEP 0601 

(2006) 146 [arXiv:hep-th/0509012]; J. R. Bond, L. Kofman, S. Prokushkin 
and P. M. Vaudrevange, "Roulette inflation with Kaehler moduli and 
their axions," Phys. Rev. D 75 (2007) 123511 [arXiv:hep-th/0612197]. 

[189] H. X. Yang and H. L. Ma, "Two-field Kahler moduli inflation on large 
volume moduli stabilization," [arXiv:0804.3653 [hep-th]]. 



BIBLIOGRAPHY 



345 



[190] A. Misra and P. Sukhla, "Large Volume Axionic Swiss-Cheese Inflation," 
[arXiv:0712.1260 [hep-th]]. 

[191] F. Quevedo, "Lectures on string/brane cosmology," Class. Quant. Grav. 
19 (2002) 5721 [arXiv:hep-th/02 10292]; R. Kallosh, "On Inflation in 
String Theory," Lect. Notes Phys. 738 (2008) 119 [arXiv:hep-th/0702059]; 
C. P. Burgess, "Lectures on Cosmic Inflation and its Potential Stringy 
Realizations," PoS P2GC (2006) 008 [Class. Quant. Grav. 24 (2007) 
S795] [arXiv:0708.2865 [hep-th]]; L. McAllister and E. Silverstein, "String 
Cosmology: A Review," Gen. Rel. Grav. 40 (2008) 565 [arXiv:0710.2951 
[hep-th]]. 

[192] L. Verde, H. Peiris and R. Jimenez, "Optimizing CMB polarization 

experiments to constrain inflationary physics," JCAP 0601 (2006) 019 
[arXiv:astro-ph/0506036]; See also fig. 2 of 
www.b-pol . org/pdf /BP0L_Proposal .pdf . 

[193] J. Bock et al, "The Experimental Probe of Inflationary Cosmology 

(EPIC): A Mission Concept Study for NASA's Einstein Inflation Probe," 
[arXiv:0805.4207 [astro-ph]]. 

[194] A. D. Linde, "Particle Physics and Inflationary Cosmology," 
[arXiv:hep-th/0503203]. 

[195] E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart and D. Wands, 
"False vacuum inflation with Einstein gravity," Phys. Rev. D 49 (1994) 
6410 [arXiv:astro-ph/9401011]; See also S. Kachru, lectures at PITP 2008. 

[196] N. Barnaby, C. P. Burgess and J. M. Cline, "Warped reheating in 
brane-antibrane inflation," JCAP 0504 (2005) 007 
[arXiv:hep-th/0412040]; L. Kofman and P. Yi, "Reheating the universe 
after string theory inflation," Phys. Rev. D 72 (2005) 106001 
[arXiv:hep-th/0507257]; D. Chialva, G. Shiu and B. Underwood, "Warped 
reheating in multi-throat brane inflation," JHEP 0601 (2006) 014 
[arXiv:hep-th/0508229]. 

[197] M. B. Hindmarsh and T. W. B. Kibble, "Cosmic strings," Rept. Prog. 
Phys. 58 (1995) 477 [arXiv:hep-ph/9411342]. 

[198] D. Baumann and L. McAllister, "A microscopic limit on gravitational 
waves from D-brane inflation," Phys. Rev. D 75 (2007) 123508 
[arXiv:hep-th/06 10285]. 



[199] 



R. Kallosh and A. Linde, "Testing String Theory with CMB," JCAP 
0704 (2007) 017 [arXiv:0704.0647 [hep-th]]. 



346 BIBLIOGRAPHY 

[200] J. P. Hsu and R. Kallosh, "Volume stabilization and the origin of the 
inflaton shift symmetry in string theory," JHEP 0404 (2004) 042 
[arXiv:hep-th/0402047]. 

[201] P. Binetruy and M. K. Gaillard, "Candidates for the inflaton field in 
superstring models," Phys. Rev. D34 (1986) 3069-3083. 

[202] T. Banks, M. Berkooz, S. H. Shenker, G. W. Moore, and P. J. Steinhardt, 
"Modular cosmology," Phys. Rev. D52 (1995) 3548-3562 
[arXiv:hep-th/9503114]. 

[203] K. Becker, M. Becker, and A. Krause, "M-theory inflation from multi 
M5-brane dynamics," Nucl. Phys. B715 (2005) 349-371 
[arXiv:hep-th/0501130]. 

[204] E. Silverstein and D. Tong, "Scalar speed limits and cosmology: 
Acceleration from D- cceleration," Phys. Rev. D70 (2004) 103505 
[arXiv:hep-th/03 10221]. 

[205] M. Alishahiha, E. Silverstein, and D. Tong, "DBI in the sky," Phys. Rev. 
D70 (2004) 123505, [arXiv:hep-th/0404084]. 

[206] J. J. Blanco-Pillado et ai, "Racetrack inflation," JHEP 0411 (2004) 063 
[arXiv:hep-th/0406230]; "Inflating in a better racetrack," JHEP 0609 
(2006) 002 [arXiv:hep-th/0603129]. 

[207] S. Dimopoulos, S. Kachru, J. McGreevy, and J. G. Wacker, "N-flation," 
[arXiv:hep-th/0507205]. 

[208] A. Avgoustidis, D. Cremades and F. Quevedo, "Wilson line inflation," 
Gen. Rel. Grav. 39 (2007) 1203 [arXiv:hep-th/0606031]. 

[209] M. Badziak and M. Olechowski, "Volume modulus inflation and a low 
scale of SUSY breaking," [arXiv:0802.1014 [hep-th]]. 

[210] D.H. Lyth, Phys. Rev. Lett. 78 (1997) 1861 [arXiv:hep-ph/9606387]. 

[211] E. Silverstein and A. Westphal, "Monodromy in the CMB: Gravity Waves 
and String Inflation," [arXiv:0803.3085 [hep-th]]. 

[212] R. Kallosh and A. Linde, "Landscape, the scale of SUSY breaking, and 
inflation," JHEP 0412 (2004) 004 [arXiv:hep-th/0411011]. 

[213] K. Oguiso, "On Algebraic Fiber Space Structures on a Calabi-Yau 
3-fold," Int. J. of Math. 4 (1993) 439-465. 



BIBLIOGRAPHY 



347 



[214] M. Gomez-Reino and C. A. Scrucca, "Constraints from F and D 

supersymmetry breaking in general supergravity theories," Fortsch. Phys. 
56 (2008) 833 [arXiv:0804.3730 [hep-th]]. 

[215] L. Covi, M. Gomez-Reino, C. Gross, J. Louis, G. A. Palma and 

C. A. Scrucca, "Constraints on modular inflation in supergravity and 
string theory," JHEP 0808 (2008) 055 [arXiv:0805.3290 [hep-th]]. 

[216] C. P. Burgess, J. M. Cline, F. Lemieux and R. Holman, "Are inflationary 
predictions sensitive to very high energy physics?," JHEP 0302 (2003) 
048 [arXiv:hep-th/0210233]; C. P. Burgess, J. M. Cline and R. Holman, 
"Effective field theories and inflation," JCAP 0310 (2003) 004 
[arXiv:hep-th/0306079]; J. M. Cline, P. Crotty and J. Lesgourgues, "Does 
the small CMB quadrupole moment suggest new physics?," JCAP 0309 
(2003) 010 [arXiv:astro-ph/0304558]; M. Porrati, "Bounds on generic 
high-energy physics modifications to the primordial power spectrum from 
back-reaction on the metric," Phys. Lett. B 596 (2004) 306 
[arXiv:hep-th/0402038]; B. R. Greene, K. Schalm, G. Shiu and J. P. van 
der Schaar, "Decoupling in an expanding universe: Backreaction barely 
constrains short distance effects in the CMB," JCAP 0502 (2005) 001 
[arXiv:hep-th/0411217]; J. Martin and C. Ringeval, "Inflation after 
WMAP3: Confronting the slow-roll and exact power spectra to CMB 
data," JCAP 0608 (2006) 009 [arXiv:astro-ph/0605367]; L. Covi, 
J. Hamann, A. Melchiorri, A. Slosar and I. Sorbera, "Inflation and 
WMAP three year data: Features have a future!," Phys. Rev. D 74 (2006) 
083509 [arXiv:astro-ph/0606452]; X. Chen, M. x. Huang, S. Kachru and 
G. Shiu, "Observational signatures and non-Gaussianities of general single 
field inflation," JCAP 0701 (2007) 002 [arXiv:hep-th/0605045]. 

[217] S. Sarkar, Rep. on Progress in Phys. 59, 1493 (1996). 

[218] G. Dvali, A. Gruzinov and M. Zaldarriaga, "A new mechanism for 

generating density perturbations from inflation," Phys. Rev. D 69 (2004) 
023505 [arXiv:astro-ph/0303591]; "Cosmological perturbations from 
inhomogeneous reheating, freezeout, and mass domination," Phys. Rev. D 
69 (2004) 083505 [arXiv:astro-ph/0305548]; L. Kofman, "Probing string 
theory with modulated cosmological fluctuations," 
arXiv:astro-ph/0303614; F. Bernardeau, L. Kofman and J. P. Uzan, 
"Modulated fluctuations from hybrid inflation," Phys. Rev. D 70 (2004) 
083004 [arXiv:astro-ph/0403315]; D. H. Lyth, "Generating the curvature 
perturbation at the end of inflation," JCAP 0511 (2005) 006 
[arXiv:astro-ph /05 1 0443] . 

[219] J. Silk and M. S. Turner, "Double Inflation," Phys. Rev. D 35 (1987) 419; 
R. Holman, E. W. Kolb, S. L. Vadas and Y. Wang, "Plausible double 



348 



BIBLIOGRAPHY 



inflation," Phys. Lett. B 269 (1991) 252; D. Polarski and 

A. A. Starobinsky, "Spectra of perturbations produced by double inflation 

with an intermediate matter dominated stage," Nucl. Phys. B 385 (1992) 

623; J. A. Adams, G. G. Ross and S. Sarkar, "Multiple inflation," Nucl. 

Phys. B 503 (1997) 405 [arXiv:hep-ph/9704286]; G. Lazarides and 

N. Tetradis, "Two-stage inflation in supergravity," Phys. Rev. D 58 

(1998) 123502 [arXiv:hep-ph/9802242]; T. Kanazawa, M. Kawasaki, 

N. Sugiyama and T. Yanagida, "Double inflation in supergravity and the 

large scale structure," Phys. Rev. D 61 (2000) 023517 

[arXiv:hep-ph/9908350]; T. Kanazawa, M. Kawasaki and T. Yanagida, 

"Double inflation in supergravity and the primordial black hole 

formation," Phys. Lett. B 482 (2000) 174 [arXiv:hep-ph/0002236]; 

M. Yamaguchi, "Natural double inflation in supergravity," Phys. Rev. D 

64 (2001) 063502 [arXiv:hep-ph/0103045]; C. P. Burgess, R. Easther, 

A. Mazumdar, D. F. Mota and T. Multamaki, "Multiple inflation, cosmic 

string networks and the string landscape," JHEP 0505 (2005) 067 

[arXiv:hep-th/0501125]. 

[220] R. Kallosh and A. Linde, "Landscape, the scale of SUSY breaking, and 
inflation," JHEP 0412 (2004) 004 [arXiv:hep-th/0411011]. 

[221] N. J. Craig, P. J. Fox, and J. G. Wacker, "Reheating metastable 
O'Raifeartaigh models," Phys. Rev. D75 (2007) 085006 
[arXiv:hep-th/0611006] 

[222] S. A. Abel, C.-S. Chu, J. Jaeckel, and V. V. Khoze, "SUSY breaking by a 
metastable ground state: Why the early universe preferred the 
non-supersymmetric vacuum," JHEP 01 (2007) 089 
[arXiv:hep-th/06 10334]. 

[223] W. Fischler, V. Kaplunovsky, C. Krishnan, L. Mannelli, and M. A. C. 
Torres, "Meta-Stable Supersymmetry Breaking in a Cooling Universe," 
JHEP 03 (2007) 107 [arXiv:hep-th/0611018]. 

[224] L. Anguelova, R. Ricci, and S. Thomas, "Metastable SUSY breaking and 
supergravity at finite temperature," Phys. Rev. D77 (2008) 025036 
[arXiv:hep-th/0702168]. 

[225] C. Papineau, "Finite temperature behaviour of the ISS-uplifted KKLT 
model," [arXiv:0802.1861 [hep-th]]. 

[226] W. Buchmuller, K. Hamaguchi, O. Lebedev and M. Ratz, "Maximal 
Temperature in Flux Compactifications," JCAP 0501 (2005) 004 
[arXiv:hep-th/0411109]; W. Buchmuller, K. Hamaguchi, O. Lebedev and 



BIBLIOGRAPHY 



349 



M. Ratz, "Dilaton Destabilization at High Temperature," Nucl. Phys. 
B699 (2004) 292 [arXiv:hep-th/0404168]. 

[227] L. Dolan and R. Jackiw, "Symmetry Behavior at Finite Temperature," 
Phys. Rev. D9 (1974) 3320. 

[228] R. Jackiw, "Functional Evaluation of the Effective Potential," Phys. Rev. 
D9 (1974) 1686. 

[229] P. Binetruy and M. Gaillard, "Temperature Corrections, Supersymmetric 
Effective Potentials and Inflation," Nucl. Phys. B254 (1985) 388. 

[230] K. Enqvist and J. Sirkka, "Chemical equilibrium in QCD gas in the early 
universe," Phys. Lett. B 314 (1993) 298 [arXiv:hep-ph/9304273]. 

[231] J. I. Kapusta, "Finite Temperature Field Theory," Cambridge, 1989. 

[232] L. Anguelova and V. Calo, "O'KKLT at Finite Temperature," Nucl. Phys. 
B801 (2008) 45, arXiv:0708.4159 [hep-th]; "Finite Temperature 
Behaviour of O'KKLT Model," Fortsch. Phys. 56 (2008) 901 
[arXiv:0804.0770 [hep-th]]. 

[233] P. Berglund, P. Candelas, X. De La Ossa, A. Font, T. Hubsch, D. Jancic 
and F. Quevedo, "Periods for Calabi-Yau and Landau- Ginzburg vacua," 
Nucl. Phys. B 419 (1994) 352 [arXiv:hep-th/9308005]. 

[234] G. Weidenspointner et al. "An asymmetric distribution of positrons in the 
Galactic disk revealed by gamma-rays," Nature 451, 159-162 (10 January 
2008). 

[235] T. Barreiro, B. de Carlos, E. J. Copeland and N. J. Nunes, "Moduli 
evolution in the presence of thermal corrections," [arXiv:0712.2394 
[hep-ph]]. 

[236] W. Fulton, "Introduction to toric varieties," (Princeton Univ. Press, 
Princeton 1993). 

[237] A. Neitzke and C. Vafa, "Topological strings and their physical 
applications," [arXiv:hep-th/0410178]. 

[238] A. Brignole, L. E. Ibanez, and C. Munoz, "Soft supersymmetry-breaking 
terms from supergravity and superstring models," 
[arXiv:hep-ph/9707209]. 



